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[INTRODUCTION 


Science has largely advanced by the 
inalytic pre cedure of isolating the effects 
of single factors in carefully controlled 
experiments. The task of science is not 
complete, however, without synthesis: 
the attempt to interpret natural phe- 
nomena in which numerous factors are 
varying simultaneously. Studies of the 
genetics of populations, including their 
evolution, present problems of this sort 
of the greatest complexity. Many writ- 
ers on evolution have been inclined to 
ignore this and discuss the subject as if 
t were merely a matter of choosing be- 
tween single factors. My own studies 
on population genetics have been cuided 
primarily by the belief that a mathe- 
matical model must be sought which 
permits simultaneous consideration of 
all possible factors. Such a model must 
be sufhciently simple to permit a rough 
grasp of the system of interactions as a 
whole and sufficiently flexible to permit 
elaboration of aspects of which a more 
complete account is desired. 

On attempting to make such a formu 
lation (Wright, 1931) it was at once 
ipparent that any one of the factors 
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might play the dominating role, at least 
for a time, under specifiable conditions, 
but it was concluded that in the long 
run ‘evolution as a process of cumulative 
change depends on a proper balance of 
the conditions which at each level of 
organization—vene, chromosome, cell, 
individual, local race—make for genetic 
homogeneity or genetic heterogeneity of 
the sper ies. 

Che purpose of the present paper is to 
reiterate this point of view in connection 
with certain misapprehensions which 
have arisen and in particular to analyze 
certain data which have been presented 
recently by R. A. Fisher and E. B. Ford 

1947) as invalidating what they con 
sider my point of view. This discus 
sion leads to mathematical comparisons 
between the amount of random drifting 
of gene frequency expected in small 
populations merely from accidents of 
sampling and that expected in large 
ones from variations in degree and 
direction of selection or in amount and 
character of immigration 


SMALLNESS OF POPULATION SIZ! 
4S A FACTOR 


In spite of his repeated emphasis on 
dynamic equilibrium among all factors 
as the most favorable condition for 
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evolution, the author has often been 
credited with advocating the all impor- 
tance of a single factor, viz. sampling 
effects in very small populations. Thus 
in Goldschmidt’s stimulating book ‘‘The 
\laterial Basis of Evolution’’ (1940) he 
states: “The adherents of such a view” 
(NeoDarwinism) “derive much comfort 
from the results of population mathe- 
matics, especially Wright's calculation 
(1931) showing that small isolated groups 
have the greatest chance of accumulating 


mutants even without favorable selec- 
tion. ...It is the contention that 
small isolated populations have the 


greatest chances from the standpoint of 
population mathematics.”’ What | 
tually stated on this matter in the sum- 
mary of the paper referred to was as 
follows: ‘‘In too small a population there 
is nearly complete fixation, little varia- 
tion, little effect of selection and thus a 
static condition, modified occasionally 
by chance fixation of rare mutations, 
leading inevitably to degeneration and 
extinction.” has 
been reiterated in all more recent general 


ac- 


Che same conclusion 


discussions. 

POPULATION STRUCTURE AS A FACTOR 

This misapprehension may have arisen 
from the emphasis put on population 
structure later in the same summary: 
“Finally in a large population, divided 
and subdivided into partially isolated 
local races of small size, there is a con- 
tinually shifting differentiation among 
the latter, intensified by local differences 
in selection, but occurring under uniform 
and static conditions, which inevitably 
brings about an indefinitely continuing, 
irreversible, adaptive, and much more 
rapid evolution of the species” (than in a 
comparably large, random breeding popu- 
lation). It should noted that a 
favorable population structure, under 
this view, may be prevented by exces- 


be 


sive density of population, as well as 
by too small a total number (cf. Wright, 
1943). The implied relation of size of 


population to rate of evolution is not a 
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simple one. I suspect that “inevitably”’ 
is too strong a word as used above, but 
otherwise this quotation still represents 
my position on the importance of popula- 
tion structure in evolution. The ways 
in which it is important were, of course, 
brought out more completely elsewhere 
in this paper and have been developed 
further in later papers. 

This leads to consideration of a recent 
statement of 


inaccurate my views by 
R. A. Fisher and E. B. Ford. Their 
first reference is in the main an ac- 


ceptable statement of the role which | 
have attributed to random shifts in gene 
frequencies, that the word 
“partially” is inserted before ‘‘isolated”’ 
and it is clearly that the 
primary significance of the process is as 
one of a number of adjuncts to inter- 
group “Great evolutionary 
importance has been attached by Sewall 
Wright (1931, 1932, 1935, 1940) to the 
fact that small shifts in the gene ratios 
of all segregating factors will occur from 
generation to generation owing to the 
errors of random sampling in the process 
by which the gametes available in any 
one generation are chosen to constitute 
the next. Such chance deviations will, 
of course, be the the 
isolated population concerned. Wright 
believes that such nonadaptive changes 


in gene ratio may serve an evolutionary 


provided 


underst« 0d 


selection. 


greater smaller 


purpose by permitting the occurrence of 
genotypes harmoniously adapted to their 
environment in ways not yet explored 
and so of opening up new evolutionary 
possibilities.” 

The next sentence indicates, however, 
that the authors have wholly missed the 
major point stressed in all of the cited 
“Consequently he claims that 
subdivision into isolated groups of small 


papers. 


size is favorable to evolutionary progress 
not as others have held through the 
of environmental conditions to 
which such colonies are exposed but 


variety 


even if the environment were the same 
for all, through nonadaptive and casual 
favored bv small 


changes population 
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size.’’ Actually the point stressed most 
in these papers was the simultaneous 
treatment of all factors by the inclusion 
of coefficients measuring the effects of 
all of them on gene frequency in a single 
formula. Thus in the 1931 paper the 
formula for distribution of gene fre- 
quencies in a partially isolated local 
population included the coefficient .\, 
for effective size of the local population, 
s; for selection due to local conditions, 
m, for rate of immigration and g,, for 
gene frequency among the immigrants 
(mutation pressure was here assumed to 
be the same throughout 
This simultaneous treatment 
possible to specify the conditions under 
which one or 
dominate with respect to 
gene. Sampling fluctuations were treated 
as only one of a number of processes 
which lead to trial and 
local populations (Wright, 1931, p. 151 


the species 
made it 
would 


another process 


a particular 


error among 


This has been reiterated in all later 
discussions. Thus in the 1940 paper 
(p. 175) it was noted that ‘“‘in a large 


population, subdivided into numerous 
partially isolated groups, both adaptive 
and nonadaptive differentiation is to be 
expected” and it that 
are most favorable for evolu- 


was concluded 
conditions 
tion when both processes are occurring 
The 1935 paper dealt 
tive variability, due to multiple factors, 
with the optimum near the mean. The 
principal conclusion that slight 
oscillations in the position of the opti- 


with quantita- 


was 


mum in local populations provide an 
important mechanism by which all gene 
combinations with approximately the 
in respect to the character 
tried 


same eftect 


under consideration come to be 
out with 


It was recognized that such oscillations 


respect to secondary effects. 
must be of considerable period to be 
important. Some significance in caus- 
ing random changes in gene frequency 
had, however, been attributed to short 
time oscillations in severity of selection 
(Wright, 1931) but this effect was not 


then analvzed mathematically. This 
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question will be taken up later in this 
paper. 

Fisher and Ford continue with an 


analysis of annual fluctuations of the 
frequency of a certain gene in an isolated 
population of the moth Panaxia domi- 
nula. They decide that the fluctuations 
are too great to have been due to acci- 
dents of sampling and hence conclude 
that they must have been due to fluctua- 
tions in the action of selection. They 
arrive at the following generalization. 
‘The conclusion that natural popula- 
tions in general, like that to which this 
study is devoted, are affected by selec- 
tive action, varving from time to time in 
direction and intensity and of sufficient 
magnitude to fluctuating 
all gene frequencies is in good 


cause Varia- 
tions in 


accordance with other studies of observ- 


able frequencies in wild populations. 
We do not think, however, that it has 
been sufficiently emphasized that this 


fact is fatal to the theory which ascribes 
particular evolutionary importance to 
such fluctuations in gene ratios as ma\ 
by chance in very 


occur small isolated 


populations. hus our analysis, the 
first in which the relative parts played 


by random survival and selection in a 
wild population can be tested, does not 
the that chance fluctua- 


tions can be of any significance in evo- 


support VIeW 
lution.” 
Thus | 
either-or 
one must either hold that the fluctuations 


isher and Ford insist on an 


antithesis according to which 


of all gene an\ 


frequencies that are of 


evolutionary significance are due _ to 
accidents of sampling (attributed to me 
or that they are all due to differences in 
which they adopt. As al 


read\ noted, l have consistently reye ted 


select 1 nm, 


this antithesis and have consistentl\, 


accepted both sorts as playing important, 


complementary, and interacting roles 


According to the criteria developed in 
the 1931 paper and later, the genes in a 
population may be put into 3 classes 
with respect to the roles of selection and 


class of segre- 


random sampling (one 








bo 
oc 
i) 


gating genes in any population may be 
expected to be almost wholly dominated 
by selection in one way or another, 
another class almost wholly by accidents 
of sampling, while an intermediate class, 
to which special importance was at- 
tributed, will show important joint 
effects. 


FLUCTUATIONS IN GENE FREQUENCY 
IN PANAXIA DOMINULA 

To which of these classes the particular 
gene studied by Fisher and Ford belongs 
makes no difference from this stand- 
point. The use of criteria may, how- 
ever, be illustrated by further analysis 
of the data. 

A highly isolated population of the 
moth Panaxia dominula near Oxford, 
England, was studied. A rather con- 
spicuous color variety, medionigra, has 
been present in this colony for at least 20 
years but has not been found elsewhere. 
A more extreme variety, bimacula, which 
occurs in this colony much less fre- 
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homozygote. The frequency of the 
medionigra gene is indicated by study 
of all available collections to have been 
less than 1.2% before 1929. The fre- 
quency had risen to 9.2% by 1939 when 
careful study was begun and reached its 
peak 11.1% in 1940. It dropped to 
6.8% next year and then has 
varied between 4.3% and 6.5°%, without 
any well defined trend. From 1941 to 
1946, the total number of imagines that 
emerge each season has been estimated 
from the proportions of captured and 
marked moths, recaptured after release. 
The most important data and estimates 
are shown in table I. 

The authors make a statistical analysis 
of the data for the years 1939 to 1946 
on the assumption that there are 1000 
parents of each generation. They find 
that the chance that such great fluctua- 
tions could arise from accidents of 
sampling on this basis is less than 1% 
(x? = 20.806, 7 degrees of freedom, 1% 
value 18.475). They conclude that fluc- 


since 


quently has been shown to be the _ tuations in the action of natural selec- 
rABLE I 
? lype f moth collected 
Estimates ot 
Population Size erro - Freque S 
\ Total 1 
mt mr ? 
noths 
: 
Up to 1928 164 4 168 O12 
+ OSD 
1939 184 37 J I?3 (9? 
O19 
1940 | 92 24 117 11 
- 043 
1941 2000—2500 100 59 ) 461 OO8 
Ol4 
1942 1200—2000 183 ?? 205 054 
OO? 
1943 1000 39 40 269 O56 
— (| 
1944 5000—6000 $52 43 | 496 045 
020 
1945 4000 26 44 372 065 
0 ») 
1946 6000—S000 QOS 78 ; YSO 043 
Estimated population size (.V), numbers of each genotype and total moths captured, frequency 
dm) of medionigra gene (m) and shift in frequency (éq,,) to next generation (at least 11 generations 


in first case) 
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tion must therefore have been respon- 
sible for them. 

In making these calculations, two 
vears are included in which there are no 
estimates of population size. If the 
collections for the 6 years, 1941-1946, 
for which such estimates were made, 
are tested merely for heterogeneity, we 
find that x? is 11.8 which, with 5 degrees 
of freedom, indicates a probability of 
about .04 that accidents of sampling, 
based merely on the limited size of the 
collections, could have given rise to as 
large deviations from the average. Thus 
there is no very compelling reason from 
the fluctuations themselves for assuming 
that there were any real fluctuations at 
ill, during this period. It is necessary 
to include the two earlier years to get 
convincing evidence for real fluctuations. 


lf this is done, x? rises to 35.9, which, 


with 7 degrees of freedom, is far beyond 
even the 0.1% value, 24.3, leaving no 
doubt of the reality of a shift in gene 
frequency. The big shift is that be- 
tween these two earlier years as a group 
av. 9.8%) and the following 6 years 
5.2%) for which the difference is 4.9 
times its standard error, with a probabil- 
itv of about 10~® of arising from acci- 
The question thus 
what happened 
and the next 


dents of sampling. 
largely into 

between 1940 
summer to cause such a marked drop in 
vene frequency and what happened at 
times be- 


rest | ves 


summer 


undetermined time or 


1928 when gene frequency 


some 


tween Was 


only 1.2% in collections and 1939 to 
cause a rise to 9.2°, 
These changes may well have been 


due to shifts in the conditions of selec- 
the but 
there is nothing in the data as presented 
to rule out the alternative possibility 
of reduction to an exceptionally small 
two 


tion as supposed bv authors 


effective population number on 
or more 
for such fluctuations that has long been 
urged by Elton. Nothing 
population size in the period 1928-1939 


and all that is stated of the vear 1940 


occasions, an interpretation 


is stated of 
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is that the moths were not as common 
in this or later years as in 1939. The 
number actually collected in 1940 (117) 
was much less than in any other year. 

The mean square of the 7 apparent 
shifts in gene frequency from 1939 to 
1946 is .000488. The mean variance to 
be expected merely from the sizes of 
the samples collected is .000269. The 
difference, .000219, is an estimate of the 
variance of real shifts in gene frequency 
in the population. 

The authors give no estimate of the 
amount of variation in selective value 
necessary to account for such fluctua- 
tions. Assume for mathematical sim- 
plicity that the heterozygote is inter- 
mediate between the two homozygotes. 
It may be noted that it makes no ap- 
preciable difference for this purpose what 


assumption is made about the rare 
homozygote bimacula. Assume that se- 
lective value is independent of gene 


frequency and has no trend but varies 
according to nonsecular fluctuations in 
conditions from year to year. 

If medionigra has a selective advan- 
tage of s over type in a particular year, 
bimacula of 2s, gene frequency tends to 
shift by the amount 
The estimate for the variance of such 

thus a*5, = ¢,7°2q°(1 — g)*/n, 
for the variance of fluctuations 


e ] 
og = Sd ] qd . 


shifts is 
using o 
in the value of the selection coefficient s 
and m» for the number of years used in 
For the 7 
served shifts in frequency, 07%, 
.004530c,?. On equating this to the 
estimate of the real fluctuations (.000219) 
0483, o 22. It 
absolute 


calculating an average. ob- 


gene 


we find ao, is to 
be noted that this 
standard deviation of 22° o, nota 
22°, of the value of s (which in fact is 
here assumed to have an average value 
of zero A standard deviation of .22 
means that in the course of half a cen- 


means an 
mere 


( 


tury the selective value of medionigra 
heterozygotes would vary between semi- 
lethality — 50) to 
a 50°) advantage over type (s i 50). 


or semisterilit VI(s = 


\ppendix 
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The homozygotes, on the hypothesis 
adopted, would range from complete 
lethality (or sterility) to a selective value 
twice that of type. This last aspect, 
however, is quite certainly not tenable 
since bimacula appeared as_ regularly 
when gene frequency dropped as when 
it rose. Its frequency in the total data 
was, as the authors note, very close to 
what would be expected in the absence 
of selection (11 observed, 10.2 expected). 

It seems very probable that the hetero- 
zygotes actually have a slight net ad- 
vantage over both homozygotes, as 
suggested by the authors. The major 
shifts in frequency are however so much 
greater than the systematic 
shifts that the latter can be ignored for 
the present purpose. 

It is of interest to see how small the 
effective size of population (V) would 
have to have been to account in full 
for the estimated real variance of fluctua- 
tions. The variance for one generation 
is g(1 —q)/2N. For the period of 
years in question, we take g(1 — q)/2N 
= .0648/2N as the mean variance to be 
expected from this cause. On equating 
to the estimated variance of real fluctua- 
tions, .000219, we find NV = 150. 

The effective size of population over a 
succession of generations is the harmonic 
mean of the effective sizes for the sepa- 
rate ones and thus may be very much 
smaller than the arithmetic mean. Its 
value is largely dominated by occasional 
very small values in particular years, if 
these occur. We come back to the con- 
clusion that if the effective number of 
parents of the 1941 moths was very small 
(some 100 or less) it is possible to account 
for all fluctuations as those of small 
populations, even though the effective 
number from 1941 to 1946 
much as 1000. 

However, 117 moths were actually 
captured in the summer of 1940. The 
question of the relation between effec- 
tive and apparent population size re- 
quires further consideration. 

The harmonic mean of the authors’ 
estimates of total number of imagines 


possible 


were as 
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per year from 1941 is about 2000. The 
females are stated to lay some 200-300 
eggs each. Thus the total number of 
eggs is typically more than 200,000. 
The females are described as not flying 
after emergence until they have laid a 
considerable proportion of their eggs, 
probably within the first 24 hours after 
fertilization. Thus the broods are largely 
concentrated in single spots, subject to 
the same environmental vicissitudes. 
The larvae are stated to winter in the 3rd 
instar. It is estimated that there may 
be over 50,000 well grown larvae in the 
spring to be reduced typically to a 
thousand or a few thousands by the time 
of emergence of the adults. The great- 
est menace to the late larvae is consid- 
ered to be virus disease and to the pupae, 


mice. 
The authors tacitly assume that this 
elimination of more than 99°, of the 


individuals from egg to imago is random 
with to broods, 

allowance is intended by using 1000 in- 
stead of 2000 as the population number 
in their calculations. The _ possibility 
of a much greater discrepancy between 
apparent and effective population num- 
ber is a matter that would seem to re- 
quire investigation. Thus analyses of 
some dozen pure breeds of live stock, 
including cattle, horses, sheep and swine 
by means of the inbreeding coefficient of 
hypothetical progeny from random par- 
ents (McPhee and Wright, 1925; Lush, 
1943), have shown that in each the 
effective population number is of the 
order of 100 or at most a few hundred, a 
very small proportion of the total num- 
bers registered per generation (tens of 
The special 


respect unless some 


thousands in most cases). 
reasons responsible for the extreme small- 
ness of .V in these cases would not hold in 
nature. It is not, however, 
assume without investigation that there 
are not other reasons for a considerable 
reduction of NV. If, in the present 
case, there are any conditions of weather 
or disease that tend to destroy whole 
broods at any time in the annual cycle, 
the effective population number would 


safe to 
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be cut down accordingly. Again recent 
work by Dobzhansky and 
1942, 1944) has revealed an extraordi- 
narv prevalence of segregating factors in 
Drosophila pseudoobscura in nature with 


associates 


high selection coefhcients under some or 


ill environmental conditions. At first 
sight this would seem to strengthen 
the view that selective differences are 


so important that fluctuations due to 


limitation in the number of 


This is certainly 


parents 
would be negligible. 
true for the genes or chromosome condi- 
tions in question but very heavy selec- 
tive elimination in such respects would 
bring about a correlation between brood 
nates in fate and so automatically lower 
he effective population number fo 
other more neutral segregating factors 
In a sense, the ensuing shifts in the fre 
these could be attributed 


shifts in these 


quencies of 
to selection, but if th 
neutral genes are equally likely to occur 
n either direction they must be credited 
to sampling variability The situation 
s similar, except for the element of 
intent, to one that is familiar to live- 
With 


selection for particular characters, others 


stock breeders. very intensive 


must be allowed to vary al random 


if numbers are to be maintained (ct. 


Wriedt, 1930 


i priori, that 


It would seem possible, 
the causes of coincident 
elimination of broodmates (common en 
vironment, and common highly selective 
heredity 
of random elimination. 


may be as important as causes 
lf the forme: 
should produce an effect equivalent to 
elimination of 90°. of the broods while 
the latter are 
tion of 90°) within the favored broods, 
leaving the observed 1°, to carry on, 
the effective population number would 
be only 10°¢ of the apparent number and 


causing random elimina- 


capable of accounting for the 
observed annual fluctuations. 

The alternative is the hypothesis that 
variety medionigra had an average se 
lective advantage of about 20%; from 
1928 to 1940 whatever fluctuations ther: 
may have been, and then shifted to ap 
proximate semisterility or semilethality 


easily 
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in that year, followed by fluctuations 
without trend thereafter. 

The present author is certainly in no 
position to decide between these hy- 
potheses (or some combination of them 
In a recent study of the frequency of 
lethals in nature in one of the chromo- 
somes of Drosophila pseudoobscura, it 


was found that these were only about 
one fourth as numerous as they should 
have been on the basis of the adequately 
determined mutation rate and the neces- 
recessive 


sarv rate of elimination as 


lethals in a large random breeding 
population (Wright, Dobzhansky and 
Hovanitz, 1942). On introducing all 


factors, that might shift gene frequency, 
into equations describing the observed 
results it appeared that the discrepancy 
could be accounted for either by a slight 
selection coem- 


igainst heterozygotes 


cient or bv a slight excess tendenc\ 


toward brother-sister mating (average 


inbreeding coethcient F) or a combina- 
t10n In fac { the ce ethcients entered the 
together (to the first order 


O18 


equation 
as the sum (s + F so that it was 
them. Dhurect 


included in the 


impossible to separate 


tests tor selection (not 


ibove statement indicated no signifi- 
cant selection but the required amount 
was so slight that more extensive tests 
necessary. This in- 


unfortunate but it 


would have been 
determinacy was 
seems likely that more progress will be 
made in analyzing the difficult problems 
of the veneth Ss of natural populations if 
all possibilities are treated symmetrically 
v indeterminacy is brought clearly 
rather than concealed by an 


and in 
into view 
approach from the point of view of 
advocacy of any single factor, even one 
of such undoubted importance as se- 
lection 

COMPARISON OF DIVERSE TYP! 


OF FLUCTUATIONS 


It is noted above that the observed 
annual fluctuations in the frequency of 
medionigra could be due to fluctuations 
in selective value above and below zero 


with a standard deviation of .22. Even 
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if this is the correct interpretation for 


that all 
segregating genes show comparable fluc 
tuations. average 
quency of .05 in an indefinitely large 
population, and with no net selective 
advantage or disadvantage (§ = 0) but 
with fluctuations in 
measured by a_ standard 
¢, = .10, would vary in gene frequency 


this gene, it does not follow 


Genes with an fre- 


value 
dey iation 


select ive 


to about the same extent as would genes 
with the average frequency but 
with no fluctuations in degree of selec- 
tion in 
1000. In the former case, o; 
approximately, by the formula 
earlier. With the values given above, 
o5,=.10X*.05 K.95 = .0048. In 
of neutral genes in a population of 1000, 
2N 2000 


same 


a population of effective size 
,=a.q(1—q 


given 


the case 


Ste = Val — @g v.05 &* .95 


= .(049 
If this sort of calculation is applied to 
genes with frequency .50, it 
pear that fluctuating 
with standard deviation of 
would be the 
sampling in a population of 1000. 

however, not for the 
that the new values of 
with g larger or smaller than 
result from the fluctuations, are subject 


would ap- 
values 
only .02 
effect of 
This, 
fact 
frequency 


select i\ e 
equivalent to 
does all at! 


vene 


50, that 


to greater subsequent fluctuations from 
sampling than from selection, becaus« 
of the relatively slow falling off of the 
term Vg(l— gq) in comparison’ with 
gii—q) as g from .50. A 
more thorough analysis of the effects of 
the two kinds of fluctuation is necessary 

In the long run, random fluctuations 
in gene frequency, whatever their cause, 
tend to result in a certain distribution 
of gene frequencies (¢(¢g)) about what- 
ever equilibrium value (g) is determined 
by the systematic pressures (Ag). The 
formula of these distribution curves may 
be found (see appendix). Figures 1 
to 7 show such curves (formulae in ap- 


dev lates 


pendix) under various postulated condi 
tions. The abscissas are the possible 
gene frequencies from 0 to 1. The ordi- 


nates are the frequencies with which 
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Gd, =.005 











Fic. 1. The’distribution of frequencies for 
genes with different amounts of random fluctua- 
tion of selection pressure (0, = .005, .01, .02, .05 
in a population in which the only systematic pres- 
§= 0, m = .0001 


sure is that due to immigration 


directed to a mean g = .50 Size of population 
is assumed to be so great (.V > 10°) that fluctua- 
tions of gene frequency dus sampling 


negligible. 


these values may be expected to occur 
in the long 
the same. In 
sumed that the frequency of a gene in a 


‘un if the conditions remain 


heures 1 and 2 it 


is as 
local population always tends to move 
toward .50 because of immigration from 
in which this is 
The rate 
out of 


the rest ot the species, 
the average gene frequency 
OO01 


10,000 individuals in each genera 


is assumed to be m = one 
every 
tion has become a member of the popula 
the 


population is assumed to be very large, 


tion by immigration In figure 1 


but gene frequency fluctuates about .50 














N 3/ 00,000 
| 
| 
10,000 | 
5000 
0 
Fic. 2. The distribution of gene frequencies 
in small populations (A 1000, 5000, 10,000, 
100,000) in which the only systematic pressure is 
the same as in figure 1 (8 0, m= .0001, 
gi = .50) but the only random changes in gene 


frequency are those due to sampling 
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because of variations in the direction 
ind severity of selection (mean selective 
lifferential zero (§ = 0), but standard 
deviation, o,, taking values .005, .01, .02 
ind .05 in the cases illustrated). The 

ilue o, = .005 means that the selective 
\ alue of the heteroz\ vote relative to type 
inges from about 99% to 101% of tvpe 
deviations of about 2¢, in each direction 
from 100°7,) and that the homozygotes 
have twice this range. In this case, the 
immigration pressure toward gene fre- 
quency .50 practically restricts gene 
frequency to the range .25 to .75. In 
the last case, however, the cumulative 
effects of the relatively violent fluctua 
tions in selective value (o, = .05 keep 
the gene close to fixation or loss most of 
the time in spite of the continual return 
of both alleles by immigration Chest 
curves may be compared with those in 
figure 2 in which no selective differentials 
ire assumed at any time but the effective 
size of population is assumed to be so 
small (V = 100,000, 10,000, 5,000 or 
1,000 in the 4 cases illustrated) that the 
cumulative effects of accidents of sam 
pling cause random drift about gene 
frequency .50, in spite of continual 





pressure toward this value from the 
mmigration 

It may be seen that a standard devia 
tion of .005 in selective value of hetero 


; 


vgotes (twice this in homozygotes) in a 
population of millions is only slightly 
more effective than mere accidents of 
sampling in a population of 100,000. 
\ standard deviation of .01 in a popula- 
tion of millions is less effective than 
sampling in a population of 10,000. 
\ standard deviation of .05 is roughly 
equivalent to sampling in a population 
of 1000. This is considerably greater 
than the value .02 reached by compari 
sons at g = .50. 

If the immigration pressure were 10 
times as great (m = .001) the same dis- 
tribution curves would be obtained with 
values of o, that are 3.2 times as great 
and with values of VV one-tenth as great. 
In the case of fluctuations in selection 











CHANGES IN POPULATIONS 287 


the form of the curve depends merely 
on the value of the parameter m,o,? and 
in the case of sampling drift on the 
value of Vm. 

It may be noted that even if m is as 
great as .01, the variations of gene 
frequency with o, = .05 in a very large 
population are only slightly greater than 
those due to sampling in a population of 
effective size 1000 (same distributions 
as those shown for ¢, = .005 in figure 1 
and A 100,000 in figure 2 with m 
assumed to be .0001 in both cases 
Thus Fisher and Ford’s contention that 
variations in the direction and intensit' 
of selection cause much greater fluctua- 
tions in the frequencies of all genes than 
does sampling 


ion that all segregating genes in a 


umounts to the conten 
population such as that studied are sub- 
ject to fluctuations in selective value 
with standard deviations much greate! 
than .05 

Figures 3, 4 and 5 describe the situa 
tion where selection tends to increase 
gene trequency (§ .0002) while this is 
opposed by immigration (rate m = .0001 
from populations which lack the gene 
In figure 3 it is supposed that fluctua 
tions are due wholly to ones in selective 


value. It requires a standard deviation 








kK 1 ; lhe distribution of trequenci 
genes with different amounts of random flu 


tion of selection pressure (¢ .005, .01) where 


there is pressure of favorable selection § = .0002 
in heterozygotes, twice this in homozygotes, 
opposed by pressure ol immigration (m = .0001 


from populations in which the gene is absent 


0). Size of population is assumed to be 
so great (.V > 10°) that fluctuations of gene 
frequency due to sampling are negligible. Mu- 


tational origin at a very low rate is required to 


prevent permanent loss of the gene if a, = .01 


Ee EE 
on te - ’ 
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Fic. 4. The distribution of frequencies for 
genes where the systematic pressures are the same 
asin figure 3 (§ = ,.0002, nodominance, m = .0001, 
g; = 0) but the amount of immigration fluctuates 
to different extents (c, = .002, .005, .01) and 
all other random fluctuations are negligible 
Mutational origin at a vervy low rate is 
to prevent permanent loss of the 


required 


gene if am = .0] 


much 


50 


approaching oa, = .005 to cause 
departure from equilibrium (@ = 
With o, = .01 there is wide departure in 
the direction of low frequencies and with 
still larger o,, the fluctuations in selective 
values tend to bring about complete and 
permanent loss of the gene under the 
postulated conditions. Figure 4 shows 
distribution of gene frequencies due to 
fluctuation in immigration rate (a factor 
which has no effect of this sort 
immigration is responsible for the only 
systematic pressure as in figures 1 and 2). 


where 











The standard deviation must again be 
relatively enormous (¢c,, = .002, where 
N =100,000 
10,000 

od 
FIG. 5 Che distribution of gene frequencies in 
populations of 10,000 and 100,000 where the 
systematic pressures are the same as in figures 3 
and 4 (s = .0002, no dominance, m 0001, 
71 = 0) except that mutation at the rat 10~-° 


is assumed to prevent permanent loss. Random 


fluctuations of frequency are assumed to be due 


wholly to sampling 
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m = .0001) to cause much cumulative 
effect. There is a much greater effect 
and a lowering of mean gene frequency if 
gm = .005 and loss of the gene becomes 
inevitable if 01. It may 
be shown that fluctuations in the gene 
even 


om exceeds 


frequency of immigrants are less 
effective. Figure 5 permits comparison 
with the effects of small population size, 
under like conditions, except that in this 
case it is assumed that complete loss 


is prevented by mutation at the rate 


of 10-* per generation (s = .0002, 
m = .0001, v = .000001). It may be 
seen that the effect of sampling in a 


population of 100,000 is roughly com- 
parable to that of fluctuation of selec- 
.005 or of fluctuation in 
the amount of immigration oa,, = .002. 
[In a population of 10,000 the gene would 
be lost by 


Even 


tive value o, = 


inevitably unless restored 
mutation. under the 


conditions, the gene would be completely 


assumed 


absent more than 50% of the time in this 
case, 

It seems probable that there are many 
genes, especially those involved in quan- 
titative variability, that have low net 
than .001 and 
and correspondingly 


selective values (§ less 
than .0001 
Huctuations in 


deed has urged that 


even 
Fisher in- 
an important phe- 


small value. 
nomenon, the prevalence of dominance 
of type over deleterious major mutations, 
is due to genes that act solely as modi- 
hers of dominance, the maximum selec- 
tion pressure on which according to his 
calculation (Fisher, 1928, 1930) is of the 
same order as the mutation rate of the 
mutant gene in question, and thus of the 
order 10-6 per While | 
have had qualms about accepting the 


generation. 


existence of a large class of such nearl\ 
neutral genes (Wright, 1929a, b, 1934 


he ethcacy of selection in modifying domi- 
nance where the heteroz' gote 1s the direct object 
sher has de- 
Fisher and 


stence Ol 


to which Ff 
Fishe 193 


require tne ex 


ol selec tion la subject 
voted much attention 


Holt, 1944 


class of genes with maximum select 


does not 
ive differen 
tials anything like as small as 10°* and was ex 
plicitly accepted in my first discussion of thi 


matte 
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| have nevertheless been inclined to 
idopt the view that most evolutionary 
change is due to changes in frequencies 
of genes of the sorts of which Harland 
wrote ‘‘the modifiers really constitute the 
species. Che of Stern and 
Schaeffer (1943 

While annual fluctuations in selective 
little with 


factors, 


‘‘isoalleles”’ 


belong in this category. 


value can have signincance 


respect to such variations in 


selective value of longer period (such as 
the writer had in mind in his 1935 paper 
Stull 


ire, Of course, more important 

more important are the relations between 
net pressures on genes over very long 
periods and the effects of sampling 
According to the criteria given in the 


1931 paper, sampling variance is sig 


uficant only when the net 


Chis 


interpretations of 


pressures are 


small is illustrated by changing 


the heures and 5 


long the lines indicated earlier (1 
multiplication of the net pressures due 
to selection, immigration and mutation 
factor, the distribution curve for 
if the 


population is di 


bv any 
gene frequencies remains the same 


hypothetical size ol 
by the 


; 


vided same factor Immigra 


tion pressure is not necessarily the same 


for all genes but is the same on the 


simplest model. Selection pressure (and 


mutation mav, however, differ 


pressure 


enormously among different genes and 


thus mav put these in different classes 
with respect to the importance of sam 
pling. kigure 6 deals with the case of 


venes which tend to persist at 50°) fre 
quency because of equal selection against 


both homozygotes and which are 
Irom 
lost by mutation rates of 10 
fective popu 
If the se 
lective advantage of the heterozygote is 
LY, Ol), o 
little variation of gene frequency about 
the equilibrium frequency, .50. If, how 


ever, the advantage ts only 0.1% there is 


pre 


vented ever being permanenth 


per genera 
tion in both directions. 
lation size is taken as 10,000. 
VerTy\ 


more, there 1s 


rather wide variation. (Genes for which 
0003 vary in frequency from one 
extreme to the other and each homo 
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zvgote is fixed about 18°; of the time. 
For 0001, 


homozygote is fixed more than 30% of 


genes for which 5 each 
the time and frequencies between 10% 
and 90% 


toward 


are rare in spite of the pressure 
50°7, due to both selection and 
mutation Without the latter, indeed, 


one or the other phase would soon be 


come permanently fixed even with genes 
OO03 lt 


for which has sometimes 


























( ) he dis [ ns ol equencies ol 4 

‘ i genes In opuUulation f effective size 

0 OUOU Se Tet nis med to tavor the heter 

es equally vel th homozvgotes but to 
lifferent extent ()] OO] OO0OS. OOO] n 
Ww 4 isses \Y tes i m ition ef l 

otn d ( n r 10 ire assumed t 

\ mip x I ither fi O ( 


been held that nonadaptive differentia 


tion due to sampling can only occur in 


populations of a few hundred (cf. Lack, 
1947) but given enough time and sufh 
ently neutral segregating vyenes, this 


Can OCCU! 


in completely isolated popula 
tions whenever 4.Vz ts less than 1, v being 


the mutation rate from the allele most 


likely to be hxed under the conditions. 


Thus with mutation rates of 10~*, there 
can be random fixation up to a popula 


tion size of 250,000 
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Figure 7 deals with a more complex 
situation in a population of 10,000. 
Immigration at rate m = .0001, tending 
to establish a gene frequency of .10, is 
here supposed to be supplemented by 
selection in which the heterozygous 
mutant has advantages ranging from 
.00001 to .001 and homozygotes twice 
as much in each case. 
which s = .001 


Those genes for 


almost fixed by 


are 


S =.001 

















Fic. 7. The distributions of frequencies of 4 
classes of genes in a population of effective size 
10,000 as in figure 6. In this case, selection is 
assumed to favor the genes to different extents 
001, .0002, .0001, .00001 
with no dominance, but with opposition by immi- 


in the 4 classes (s = 


gration (m = .0001) from population in which 


gene frequency gq, is .10. 


selection in spite of the adverse immigra- 
tion pressure. Genes for which s = .0001 
are, on the other hand, largely dominated 
by the immigration pressure but their fre- 
quencies vary over a wide range. At cer- 
tain intermediate values (e.g. s = .0002) 
there are peak frequencies both above 
and below 50%. Genes for which 
s = 10-5 are so much dominated by the 
sampling effect that their frequencies 
are below 0.5% more than 20% of the 
time and below 5% about half the time 
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in spite of the pressure of immigration 
toward a gene frequency of 10°, and 
of selection toward complete fixation. 
The importance of random fluctua- 
tions of gene frequency, whatever their 
cause, cannot be adequately evaluated 
by considering single pairs of alleles in a 
single population. What is important is 
simultaneous variation of gene frequen- 
cies at many loci, each with many alleles 
which differ only slightly in selective 
value, in each of many local populations. 
The significance is in contributing to 
the material for the 
systems as wholes, 


selection of venetic 
which 
pected to take place through the welling 


may be ex 
up of population growth and emigration 
from those centers in which at 
ment the most adaptive systems happen 
to have been arrived at and the modifica- 
tion by immigration of those centers in 
which population growth 
relatively 
successful general adaptation. 

[It must be emphasized again that this 
contribution of random differentiation 
of local population with respect to the 
more neutral sets of alleles is only one 
of the whole and error 

The great importance of the 
contribution of selective differentiation 
among such populations with respect to 
neutral More- 
over, the nonadaptive differentiation is 
ulti- 


the mo- 


has become 


depressed because of less 


aspect trial 


pre cess. 


alleles is obv 10US. 


less 


obviously significant only as it 


mately creates adaptive differences. 


SUMMARY 


Evolution is a process in which many 
diverse factors are acting simultaneously. 
Mathematical treatment requires simul- 
taneous treatment of all determinate 
factors, including both the systematic 
pressures (recurrent mutation, immigra- 
tion and selection), which are wholly 
determinate in principle, and the cumu- 
lative effects of random fluctuations of 
gene frequencies, of which only the 
variance is determinate. Any one of 
the factors may play the dominating 
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role for a time under specifiable condi- 
tions. 


Conditions are held to be most 


favorable for a continuing process where 


there are certain states of dynamic 
equilibrium at many loci. This situa- 
tion is found to the greatest degree in a 
population in which there is sufficient 
isolation of many local centers of popula- 
tion growth and emigration to provide 
the condition for continual trial and 
error. The “errors” are the relatively 
indeterminate elements in the situation: 
novel mutations at the gene level, and 
the effects of accidents of sampling, and 
of variations in the local conditions of 
selection and migration at the level of 
the local population. The “trials” are 
the orderly reactions of the species to 
changes of gene frequencies, due to 
more determinate factors, of which 
selection dominates in the long run. 
Where there are important secular 
changes in external relations, selection 
pressure dominates the situation almost 
completely until a new state of approxi- 
mate adjustment ts reached and trial and 
error processes again take over. 

The reiteration of the above viewpoint 
has been stimulated by certain misinter- 
pretations which have arisen. Several 
authors have attributed to the author 
the view that accidents of sampling 
constitute the most important evolu- 
tionary process and that conditions are 
more favorable for evolution the smaller 
the total population. This is a view that 
has been emphatically rejected from the 
nrst. 

Especial attention is devoted to a 
somewhat different misinterpretation in 
a recent paper by R. A. Fisher and E. B. 
Ford. They hold that fluctuations of 
gene frequencies of evolutionary sig 
nificance must be supposed to be due 
wholly either to variations in selection 
(which they accept) or to accidents of 
sampling. This antithesis is to be re- 
jected. The fluctuations of some genes 
are undoubtedly governed largely by 
violently shifting conditions of selection 
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but for others in the same populations, 
accidents of sampling should be much 
more important and for still others both 
may play significant roles. It is a ques- 
tion of the relative values of certain 
coefficients. 

An analysis of fluctuations in the 
frequency of a certain gene in a popula 
tion of the moth Panaxia dominula, ob 
served by Fisher and Ford and used by 
them as the basis for their generaliza 
tions, raises considerable doubt as to 
which category this particular gen 
belongs. 

A comparison is made between the 
distribution of gene frequencies due to 
the cumulative effects of various types of 
random fluctuation in the presence of 
various pressures. Such comparisons 
support the view that random drift 
due to sampling in small local popula 
tions is an important member of this 
category and thus a factor of which a 
count must be taken where there is a 
favorable tvpe of population structur 


APPENDIX 


lhe distribution of gene frequencies unde 


diverse causes of fluctuation 


Che factors of evolution may best be 
brought under a common viewpoint by 
measuring each by the change which 
tends to bring about in each generatioi 
in the gene (or chromosome) frequency 
qg) under consideration. They may be 
classiMed conveniently according to the 
degree of determinacy in their effects. 

The term “pressure’’ has been used 
figuratively (Wright, 1929, 1931) for all 
evolutionary factors with recurrent di- 
rected effects capable at least in princi 
ple of precise mathematical formulation 
The symbol Ag is used. The pressures 
of recurrent mutation and immigration 
have linear effects on gene frequency. 
They can introduce a gene into pop 
ulations in which it has been absent. 
Selection pressure can be defined suth- 
ciently broadly to include all processes 
(such as differential mortality, differen 
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tial fecundity, differential emigration 
which tend to change gene frequency 
systematically without either change of 
the hereditary material itself (mutation) 
or introduction from without (immigra- 
tion). 
zero either if g = 0 or g = 1 in contrast 


Selection pressure is necessarily 


with mutation and immigration pres- 
sures. 
Random fluctuations in gene fre- 


quency may be due to accidents of sam- 
pling or to fluctuations in the values of 
the coefficients involved in the evolu- 
tionary The symbol 6g has 
been used for such a change. Direction 
is indeterminate but the variance (075, 
can be specified at least in principle. 

In addition it necessary to 
recognize a category that is indetermi- 
nate both in direction and variance. 
This includes events that are unique or 
nearly so in the history of the species: 
nonrecurrent mutations, unique hybrid- 
izations, nonrecurrent selective events, 
unique extreme reduction in numbers, 
The distinction between recurrent 


pressures. 


seems 


ew. 
events and ones so rarely recurrent as to 
require treatment as indeterminate is, 
of course, an arbitrary one. 

The systematic pressures (Ag 
lead to fixation or loss of a gene. If 
not, they tend to hold its frequency at a 
certain equilibrium point (or points): 
any value of g at which Ag = 0, 
vided that this is stable (Ag opposite in 
sign to (¢ — @) where g is the equilibrium 
value). The random fluctuations (éq) 
tend to random drift from an 
equilibrium point. The resultant 
probability distribution g(q) which ex- 
hibits the frequencies with which the 
frequency of the gene in question takes 
all values between 0 and 1 in the long 
run. It is also the distribution of fre- 
quencies of this gene at any moment 
among a number of populations all 
subject to the same conditions. The 
formula for ¢(q) is a relatively simple 
function of Ag and o?;, (Wright, 1938). 


may 


pre )- 


Cause 
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where C is a constant such that 


[ g(q)dg = 1. 
0 


Figures 1 to 7 are obtained by substi- 
tuting various values of Ag and o° 5, in 
this formula. Consider first, however, a 
somewhat more general case in which 
heterozygous mutants have a selective 
advantage s, homozygous mutants an 
advantage of 2s and immigration dis- 
places the proportion m in each genera- 
tion by immigrants with gene frequency 
gr. We must distinguish the mean val- 
Gr) and 
their standard deviation Dan On and Cal» 
if they are subject to fluctuation. For 
small values of §: 





ues of these coefficients (§, m, 


Ag = $q(1 —-@) — aig 





Mutation pressure may be introduced 
by taking advantage of the equivalence 
of the theories of immigration pressure 
and mutation pressure. Letting 6 be 
the mean rate of mutation to the gene 
and @ that from it per generation 


Ag = 8q(1 —q) +(0+ mq) (1 —q) 
—{ua+m(1—@r) J¢ 
= $q(1—g) —(m+U+3) 


XLg— (+ mq; 


(m+U+ Dd) | 


For simplicity in most of what follows, 
m will be used in place of (m + a@ + 3) 
and grin place of (6 + mgr) /(m + aw + 3B). 

As indicated random fluctua- 
tions in gene frequency may be due to 
fluctuations in selection (¢,), in amount 
of immigration (¢,,), or in gene frequency 
of immigrants (¢¢7) as well as to acci- 


abe ve 


dents of sampling, and in general are due 
to some combination of all of these. 
We wish, however, to their 
separate effects. 

(a) Fluctuations only in selection 


compare 


6q = (s —8)q(1 —q) 

=0,°¢°(1—q)* 

(9) =CLq/(1—q) Pe-™" 
Xq-2(1 —g)e ~ 2" art —@) +0 


9 
0" bq 
2@7 ] /as* 


qj \g! ‘as7q( 1 gq 
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b) Fluctuations only in amount of im- 
migration 


6g = —(m—m)(q—-q 
T- 8g = Om (Gd —-W 
y(q) = C(q — 4) I NM —o 1 
X ¢ , 


c) Fluctuations only in gene frequency 
of immigrants 


6g =m G1 — 41 


o-% m-a- 


d) Fluctuations only from sampling 


(Wright, 1931 


Y\g = Ce a , a : 1 q 


Figures (1) and (2) deal with the 
special case of genes for which the only 
pressure is that due to immigration 
(m = .0001) and gene frequency in the 
immigrants is .50. 


Fig. 1 
Ag mg 5 
y a “| ] gd 
Lig Lg l q i 
kig. 2 
J (1 7)/2.N 


figures 3, 4 and 5 relate to cases in 
which the pressure of favorable selection 
§ = .0002) with no dominance is op 
posed by the pressure of immigration 
m = .0001, gq; = 0 Mutational origin 
of the gene at a low rate is required to 
prevent its loss in extreme cases. In 
figure 5 this rate is taken as v=10~° 


lig 5 


Ag =8q(1—q mq 
, ? , 
TO bq o;,°q"\ l q 


y(q)= Clq (l—g 
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Fig, 4 
7 a, gd 
Yo q ( ] - é 
kig, 5 


Figures 6 and 7 make comparisons 
between genes subject to different de- 
grees of selection in a population of 
limited size (V = 10,000 In figure 6 
it is assumed that selection favors hetero- 
zygotes equally over both homozygotes 
but varies in degree (s = .01, .001, .0003 
or .0001 

Low rates of mutation, equal in both 
directions (u = v = 107°), are assumed 
to prevent permanent fixation. 


ig 8) 
Ag ) ie ~ 
j g(1—gq)/2. 
Y _«& l : 
yo / =Ce 4 ] Fi 
’ 14) (MM) ] ry: 
Cr ( 7 j qt g 
In heure 7, 1t 1s assumed that immiuecra 
tion at rate m 0001 tends to main 
tain gene frequency at gq 10 but 
that this is disturbed to varving extents 


bv favorable selection no dominance 
10-5, 10, 2 « 10% and 10 re 
na population of 10,000 


spectivel 


Ce +) (RMD ] 


Che frequencies in fixed classes in a1 
ol these cases are estimated where neces 
sarv from the subterminal classes by 
formulae (Wright, 1931 
J {) J ] IN 7 1 mari 
f(1 fl (2N—1)/2N | 
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where 
f(a) = o(@)/2N. 
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In animals itudinal clines are well WeTe measured on flies reared under . 
cen i sng Rand (1936) has de- ‘Stand laboratory conditions, they must 
scribed changes with altitude in New ave been based on genetic differences be- 
Guinea birds and finds that in 17 of 60 tween the geographic strains 
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ing Area (elevation: 6310 feet) in the 
Great Smoky Mountains National Park, 
and a bridge over the West Fork of the 
Little Pigeon River approximately ten 
miles north of Gatlinburg by automobile 
(elevation: 1000 feet). At the higher 
elevations, traps were set in dense woods 
in the general vicinity of roadside alti- 
tude markers within the Park. D. ro- 
busta was not captured at the 5000 and 
6000 foot levels; the data given herein 
are, therefore, based on collections from 
the six locations extending from the 4000 
foot level to the valley. The altitudes of 
the three lower stations and the linear 
distances given were determined from 
topographic maps. Each _ location 
visited approximately twice daily. 
The following descriptions characterize 
the general features of the habitat at each 


was 


collecting location. 

1000 feet. Dense, moist hemlock and 
vellow birch forest—the principal under- 
growth consisted of Rhododendron ma.zi- 
mum. This is approximately 500 feet be- 
low typical spruce-fir Canadian Zone as- 
Although a large number of 
traps at this location were destroyed by 
bears, a sufficiently large collection of vari- 
ous species of Drosophila was made to 
permit the statement that D. 
uncommon at this level. 

3000 feet. The major flora consisted 


sociations. 


robusta is 


of tulip tree, locust, hickory, persimmon 
and sugar maple. Distance from the 4000 
foot location: 3.5 miles. 

2000 feet. Deciduous forest similar to 
the preceding, including also red maple 
and dogwood, with a heavy undergrowth 
of Japanese honeysuckle and jewel-weed. 
Distance from the 3000 foot location: 2.5 


miles. 
1400 feet. Forest along the edge of the 
West Fork of the Little Pigeon River, 


consisting primarily of red oak, sweet 
gum, American holly, sycamore and tulip 
There was a considerable under- 
Distance from the 
This loca- 


tree. 
growth of poison ivy. 
2000 foot location: 4.0 miles. 
tion was outside the Park, 1.0 miles by 
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automobile north of the Gatlinburg city 
limits. 

1200 feet. Flora similar to the preced- 
ing, but including Rhododendron 
maximum and wild grape; traps were set 
in underbrush adjacent to the Little Pig- 
Distance from the 1400 foot 


some 


eon River. 
location: 3.5 miles. 

1000 feet. Dense deciduous woods of 
locust, elm and under- 
growth was heavily carpeted with Japan- 
The location was adja- 
Distance 


sycamore ; the 


ese honeysuckle. 
cent to the Little Pigeon River 
from the 1200 foot location: 4.5 miles. 
The entire transect has a lineal extent 
18 miles and includes 
3000 feet. \ 


of approximately 
an overall declination of 


diagrammatic representation is given in 
the upper part of figure |] 

The general biology of Drosophila ro- 
husta, methods of collection, rearing and 
measuring have been discussed elsewhere 
Stalker, 1947; 


(Carson and Stalker and 
In the present study cy- 


Carson, 1947) 
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Diagram of the altitudinal transect 
(eleva 


Kig. 1. 
(in black) near Gatlinburg, Tennessee 
tion: 1400 feet) and the frequency changes for 
the gene arrangements in the left arm of the 
X chromosome (upper diagram) and the left 
arm of the second chromosome (lower dia 
gram) of Drosophila robusta. The frequency 
of each arrangement at 4000 feet is given at 
the left; at 1000 feet, at the right 
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Drosophila robusta near Gatlinburg, Tennessee 


Altitude 


Left arm 


21 L-1 2L-2 
4000 74 20.3 8.1 5.4 
3000 102 22.5 15.7 7.8 
2000 301 18.6 23.6 7.0 
1400 278 19.4 19.8 15.5 
1200 127 24.4 33.9 15.7 
1000 145 26.9 37.3 17.2 


tological data are from IF, larvae obtained 
either through matings of wild males to 
females which are carriers of known gene 
sequences ; or from wild females, already 
when captured or mated to 
\dult 
females from wild-caught 
5 


5 5 2 


inseminated 
wild males from the same locality. 


Ik, males and 


flies were aged at and then al- 


lowed to produce an F. generation which 


was then reared tor measurement. All 
measurements reported here were made on 
adult, thoroughly hardened females. 


Measurements made with the aid of an 


ocular micrometer and are expressed as 
micrometer rhe 
“1.00” in t tables would 


readings. 


he 


the original 


measurement 


correspond to an absolute size of 720 
micra 
CYTOLOGICAL OBSERVATIONS 
[he trequencies ot the gene arrange- 


ments present in the population of Gat- 
six altitudes 


kK xamuination 


linburg and vicinity at the 


are given in tables 1 and 2 


[ABLE 2. Gametic frequencies in per cent of 


chromosome X of Drosophila robusta near Ga 


Altitude 

in feet 
XI XL-1 
4000 43 13.9 41.9 
3000 66 25.8 40.9 
2000 245 33.5 31.8 
1400 277 42.6 19.5 
1200 106 57.5 13.2 
1009 116 75.0 6.0 


the 


nd ’ 
s ( most e 3 
Rig i Rig i 
2 3 2R 2R-1 iR 3K-1 
66.2 91.9 8.1 21.6 78. 
54.0 85.3 14.7 22.5 77.5 
50.8 RR 7 11.3 19.9 80.1 
45.3 91.7 8.3 25.2 74. 
26.0 89.8 10.2 28.3 71.7 
18.6 869 13.1 33.8 66.2 


of these data reveals a number of changes 
with decreasing altitude, especially in the 
X chromosome and the 
second chromosome 


left arm ot the 


left arm of the (see 
1). The increase in frequency ot 


and the decrease of 2L-3 are gradual 


also fig. 
XL 
and progressive as one descends the moun- 
tain. The increase of XL is primarily at 
the expense of XL-1 at higher altitudes ; 
in the valley, both XL-1 and XL-2 de- 
cline. 2L-3 decreases gradually and is 


replaced in the population by increases in 


frequency of the other three arrangements 
in this arm. 
In the right arm of the X (table 2) 


some 1 is displayed; there 1s, 


rregularity 
however, a clear increase of XR at the ex 
XR-2 in the valley. A some- 
what comparable change, 


pense ot 
ulthough more 


he right 


orderly, occurs 1n t arm ot the 
third chromosome. Here (table 1) it ts 


evident that although 3R is unchanged 


popula- 


at 
, 
’ 


the higher localities, 


ohe the valley 
tions (1400. 1200 and 1000 feet) show 


gene arrangements in the Left and right arms 


tlinburg, Tennessee 


Right arn 


x XR XR-1 XR-2 
44.2 16.3 0.0 83.7 
33.3 28.8 00 71.2 
34.7 26.1 0.0 73.9 
37.9 17.0 0.3 82.7 
29.3 38.7 0.0 61.3 
19.0 $4.0 0.9 55.1 
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a progressive increase for this arrange- 
ment. The right arm of the second chro- 
mosome is alone in showing little or no 
change in the area studied. 

XR-1 is the only arrangement present 
very small numbers. This arrange- 
ment is characteristic of populations of 
the middle west; reaching its highest fre- 
quency in lowa (Carson and Stalker, 
1947). It was previously unknown from 
the Gatlinburg area, which must nearly 
constitute its southeastern limits. 


in 


Discussion 
fact that clinal 
changes occur in frequencies of gene ar- 
rangements on the mountainside and ex- 
tending down into the valley, an impor- 
tant fact is immediately apparent; these 
clines are by no means simple recapitula- 
of the north-south geographical 
clines known to exist in this species ( Car- 
son and Stalker, 1947). 2R and 3k, for 
instance, are both most frequent in the 
northern United States. Both show grad- 
ua! declines in frequency as one goes 
south. 3R, in fact, is completely replaced 
by its alternative, 3R-1, south of the south- 
ern boundary of Tennessee. This boun- 
dary, however, is only known to be valid 
at low elevations in the western part of 
the state. The situation may be different 
Neither of these 
arrangements shows parallel clines on the 
mountainside; 2R is unchanged over the 


Despite the distinct 


tions 


in the mountainous east. 


Gatlinburg transect, whereas 3R shows a 
definite reverse tendency, being more fre- 
quent in valley than at higher elevations. 

Differences in the karyotypic constitu- 
tion of populations from different areas 
have been interpreted as reflections of fun- 
damental adaptations of the species to dif- 
ferent ecological conditions. If this 
true, the lack of full correspondence be- 
tween geographical and altitudinal gene 
arrangement frequencies is not surprising. 
Two facts especially should be taken into 
consideration. In the first place, it would 
be absurd to consider the higher alti- 
tudes in the Smoky Mountains as eco 
logically equivalent to any northern area 


is 
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in the United States at a lower elevation. 
Some floral associations and, of course, 
certain aspects of temperature may be sim- 
ilar, but other, probably equally impor- 
tant features, such as humidity, rainfall 
and daily temperature range, to 
only a few, may be widely different. Sec- 
ondly, Dobzhansky (unpublished data, 
cited in 1948 paper) has shown by popu- 
lation cage experiments with Drosophila 
pseudoobscura that the same gene arrange- 
ment from different geographic localities 
may have a different selective value and 
hence different gene contents. In line 
with this, it may be noted that the gene ar- 
rangement Arrowhead in D. pseudoob- 
scura shows no change with altitude on 
Mt. Jacinto in California, whereas 
Chiricahua (Dobzhansky, 1943). 
Three hundred miles to the north in the 
Sierras, however, the situation is reversed ; 
Arrowhead shows a cline with altitude and 
Chiricahua is approximately unchanged. 
To return to D. robusta, 3R at 4000 feet 
in the mountains of Tennessee, for ex- 
ample, may not necessarily have gene con- 


mention 


San 


does 


tents identical to the same arrangement in 
central Iowa. Under such circumstances, 
the absence or reversal of a cline is readily 
understandable. 

The considerations above obviously do 
not exclude the possibility that the ar- 
rangement contents and the environment 
may be sufficiently similar in two separated 
geographical areas so that arrangement 
frequencies in one area are similar to, or 


approximate, those in the other. This, in 
fact, seems to be the situation with re- 
spect to 2L-3 and XL-1 (fig. 1). Both 


of these arrangements are typically north 
ern in distribution. Gatlinburg, Tennes- 
see, is the southernmost locality 
either has been found; they are unknown 
in the extensive collections to the south- 
west of this area Stalker, 
1947). The occurrence of these arrange- 


at which 


(Carson and 


ments at Gatlinburg did not seem consist- 
ent with their northern distributions over 
the rest of the range of the species and 
this was one of the peculiarities which 
This 


prompted the present investigation. 
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henomenon is now readily explained. 
Both show their highest frequencies at the 
highest altitudes, declining sharply as one 
These declines 


to 19% XL-1: 


t 


t 


goes down into the valley. 
are so sharp (2L-3: 66° 

42% to 60% 
tends very far from the mountains. 
] 


s 


+ 
‘ 


neither ex- 
Both 
in the 


and it is tempting to suggest 


) aS to sugges tha 
arrangements are commonly foun 
northeast, 
that their geographical distribution to the 
south may be confined largely to the south- 
ward extension of the Appalachian Moun- 
tains. 

Dobzhansky (1948) has det 


altitudinal clines for some of the 


rh: 


“iie 


non 
gene ar- 
: 4 - a, = . 
rangements in the 3rd chromosomes ot 
D in the 


. 


. pseudoobscura and D. persimili 


Sierra Nevada Mountains of California 


()F 


900 


tine Changes in trequencies lit 


DD. robusta over this transect are much 
sharper and more striking than those 
found in D. pseudoobscura and D. per- 
stm furthermore, it 1s interesting to 
note that the steepness of the Gatlinburg 
clines is not positively correlated with the 
steepness of altitude changes. In fact, 
the changes in the valley, where there is a 


declination of only 400 feet, are in all cases 


as sharp or sharper than higher on the 
mountain. A measure of the ecological 


similarity of two areas is difficult to make, 
for a species whose breeding 
he 
is inescapable that the ecological 


three 


eas ] 
especially 
habits are largely unknown, but t 


con- 
CIUSIOI 


th 


> ui 


differences between e lower sta- 


t10ns are not 


¢ ene ¢ 1, ifacaannrae he 
as great as the differences bDe- 


Che transect studied was approximately tween the three upper stations. Unlike D. 
60 miles in extent and covered an alti- pseudoobscura and D. persimilis, D. ro- 
tudinal range of SOOO to 9000 feet. The usta ranges away from the mountains into 
data have been interpreted as indicating the lowlands to the west, leading one to 
that the various levels of these clines rep- the conclusion that a possibly large, low 
resent ecotypes in which natural selection lev opulation exists adjacent to the 
maintains frequency equilibria for certain mountains 
gene arrangements. In D. pseudoobscura Rather than suggesting that the shar] 
it has been shown that these equilibria may __clines found in PD. robusta reflect simular 
be shifted seasonally \s neither species clines in ecological conditions, these facts 
is found at elevations below the foothills see indicate that there are two general 
(Jacksonville), these ecotypes could be populations in the Gatlinburg area 
considered local differentiations, within a mountain and a_ low-level populatiot 
single large mountain population, to th ach of these populations might have its 
extreme ly diverse ec logical conditi ms Ow! I CI al ecot pe expresses b { 
The Gatlinburg transect D. robusta uency equilib ir certa gene ar 
on the other hand. is much smaller ; its ex gements hese ecotypes could be 
tent 1s about eighteen miles and it repre- nee s being confluent er a re 
sents a declination of only 3000 feet. De tive “ presun epre 
TABI rm 3 Localttv mean , y y ” uremen ind Discriminan ) ” r) : , 
ide n Gri Sor four “i 
Alt N , N \ g 
4000 140 { ? 139 1.723 1 ORR 3 718 ? 148 5 50 0.698 
3000 306 14 2.149 1.72? 1.094 3} 208 ?.146 5.494 0.709 
2000 359 36 2.144 1.723 1.086 3.196 ?.14? 5.448 0.694 
1400 394 $3 2.131 1.718 1.073 3.149 2.101 5.297 0.670 
1200 150 15 2.142 1.724 1.074 3135 | 2.108 | 5.271 0.666 
LOOO 160 16 2.139 1.717 1.079 3.144 ?.108 5.317 0.681 


. See _ 
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sented in this case by the valley of the 
West Fork of the Little Pigeon River. 
Such a situation would result in 
clines which would not necessarily reflect 
stepwise adaptations. 


steep 


MORPHOLOGICAL OBSERVATIONS 


Table 3 gives the mean measurements 
for each of the five basic characters from 
each of the six localities sampled. The 
second and third columns of the table 
indicate the number of strains and F, fe- 
males on which each mean is based. Ap- 
proximately equal numbers of females 
were measured in each strain from any 
one locality. 
Figure 2 shows diagrammatically the 
changes with altitude of the mean locality 
measurements. In this figure the locality 
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unweighted mean for the whole mountain 


sample. Thus, in the case of thorax 
length, the locality mean at 4000 feet 


(2.139) is 99.92% of the over-all mean 
thorax-length (2.1407). At 3000 feet the 
locality mean of 2.149 is 100.39% of the 
over-all mean, etc. 
centages rather than the raw means, the 
very considerable interlocality differences 


sy using these per- 


in large dimensions, such as wing-length, 
are more directly comparable to the dif- 
ferences in small dimensions such as head 
width and femur-length. 

Table 4 summarizes the tests of signifi 
cance of the inter-locality and inter-regional 
differences shown diagrammatically in fig- 
ure 2. 
on the raw data rather than on the percent- 
age transformations. 


All tests of significance were made 


By a comparison of 













































means are shown as percentages of the figure 2 and table 3 it will be noted that 
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means. 
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CABLE 4 Summary of tests of ONITLCANCE 
Che results of the tests are expressed as variance ratios Che variance ratios at the 5% and 1% 
t 
evels of significance are given at the right of each section of the table; the ipper hgure representing 
hat ratio at the 5° limit in each case. 
Variance ratios , 
Localities ¥ ariance \ 7 
ind region ‘atios a — 7 wr ves 
aatataeniat ‘ ; . 5 am 5 i 
mpared Thorax lead Fe Wing ennai Discrim Discrim — 
eng vidt eng eng nant D nant D 
‘ ; Bead 29 : 1.96 
\ 2.715 0. 785 9 690**! 13.243**| 12.545** 2 49 1?.420* 5.632*"* y <e 
L000 r i 1 49 : 3 11 
: 0.950 0.032 O10 0.269 0.055 nie 0.011 0.390 
sf) - s 5.5 tie 
00 18 » 60 
0.11 » 45) (4) 0.596 0.016 0.360 (). 48 ; 
1000 A1U AS 2 - 60 +54 3. 86 
L000) 
= . , 18 al » af) 
3000 0.685 0.014 ? 849 0.959 ().19¢ ; 1.055 0.862 a 
SOS ; ] 
OO ~ 
1400 sie 
1200 1.928 580 306 0.579 137 , 0.242 | 0.808 dps 
1 Q) 3 O8 
1000 } 
as 
Ef 
| r } ‘ 
“re 3 9) » 99 
\ 6.408" 1.769 38.653" 63.135" »? R58 1.717" 7.828** naga 
fh 4 4, 1, 
wer! or 
‘ 
*Var ince ratio exceeds i il 5 evel i sign ( cf \ 
"* Val ce ratio ¢ eds it | leve I signincance : 
orax-length and head-width show rela \lthough the six samples studied show Y 
ively littie Change tl roughnout the samplex a Clear Change trom the upper to the lower : 
. - __- ‘ ‘ * - - ‘ 7 
range here is not in fact significant elevations, the over-all form of this change Si 
eterogeneity for the locality means « s somewhat obscured by the irregularities i; 
, , . : . , . y~ . : : 
these dimensions kemur-length, wing e changes of the five basic charac- 
, S| ° ° , | 7 S| a S| . 
length and wing-width on the other hand ters. =| der to clarify and emphasize ; 
1] f ] +1, 1] ~] . cetlan on lted im «4 . 
all show significant heterogeneity and the ( ver-all change with altitude a com- 
wing and femur are clearly larger at the our measurement, Fisher’s Discrimi- 
upper three than at the lower three eleva ant Function, was calculated. This dis 
tions ‘riminant was so chosen as to discriminate 
rests of heterogeneity between the local most efhciently between the strains trom 
ity means in the three upper and the three e upper three and the lower three ele 
ower levels show lack of heterogeneit\ vations It takes the form D x- : 
: . 1 . » . aan +1. ‘ 
within either the upper or lower hal . s+cau+t+c.v, where D. 1s the fo 
7 . e . ° 7 ’ 
f the transect. On the basis of this find compound measurement and + cS, 
No . 7777 “+ .e , T\T ' se-lxy | > \- le ] , na reTrre TIT thea 1° reTy) rT f +h, 
yr ¢ arisons Can property be Made De and represent ne measurements [ tile 
’ - c ae en cman 
twee! e upper three and lower three ive characters mentioned above, wit! 
; 
ocalities. Such comparisons (table 4) 1 chosen so as to maximize the 
dicate that the upper and lower regions dit nter-group variance relative to the in 
ter significantly tor four o e five basi yroup variance lhe calculation o 
nies ‘ Ree Tcl caatiieell es a Barnard 
measurements, only head-widthn showing Suu coemcients 1S discussed \ rarnara 
: : a & a Ore ss 4 > : 
o significant difference between the tw: 1935) and Fisher (1936). Che most 
reo1ons emcent coemecients tor discriminating be- 
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tween strains from the upper three and 
lower three locations turned out to be: 


thorax-length c, = — 2.0049 
head-width c, = — 1.3549 
femur-length c, = + 4.2632 
wing-width c, = + 1.9866 


1.0000 


wing-length c.=+ 


Using these coefficients a mean D. was 
calculated for each of the six locations. 
These values are listed in table 3 and rep- 
resented graphically (as percentages of 
unweighted mean D, for six locations) 
in figure 2. 

It will be noted that the values of D 
show a regular gradient through all levels 
except the last, the trend showing an ap- 
parent reversal between 1200 and 1000 
feet. The tests of significance for various 
parts of this series of D., values are sum- 
marized in the right-hand section of table 
4. This table indicates that the apparent 
reversal in trend of D. at the lower levels 
is non-significant, and that while there is 
no significant heterogeneity between the 
localities within the upper three or lower 
three levels, a comparison of the pooled 
values for the upper and levels 
shows a highly significant difference. 
Clearly the major part of the observed 
change is between the 2000 and 1400 foot 
levels. 

The form of the differences 
especially interesting when 
with the differences which exist between 
northern and southern strains of D. ro- 
busta. Stalker and Carson (1947) have 
shown that northern strains tend to have 
longer wings and narrower heads than 
those from the south, the correlation be- 
tween these dimensions and average an- 
nual temperature of the source locality be- 
ing highly significant. No significant 
correlation of this sort was found in the 


lower 


indicated is 


compared 


case of wing-width, and in the case of 
thorax-length and femur-length the cor- 
relations are weak (the correlation coeff- 
cients being slightly above that at the 5 
percent level of significance). In regard 
to these last two dimensions there is a 


tendency for northern strains to have 
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shorter thoraces and longer femora. The 
comparison between these findings and 
those reported in this paper is made in 
table 5. 

TABLE 5. Comparisons of change with altitude 
and change with latitude (as measured by 
average annual temperature) for five 
characters and Discriminant D; 

Change from 


upper to lower 
elevation 


Change from 
North to 


Character South 


Decrease 
No significant 
change 


Increase (weak 
Increase 


Thorax-length 
Head-width 

Femur-length Decrease (weak Decrease 
Wing-length 


Wing-width 


Decrease Decrease 


Non-significant Decrease 
decrease 
Dex rease 


Discriminant Decrease 


D, 


table that 
elevations 


from this 
upper 


noted 


strains from 


It will be 
while re- 
from the north in femora 
and wings, there is lack of agreement in 
thorax and head. This is especially strik- 
ing in the case of head-width, which has 
a very clear correlation with latitude (as 


1 
semble those 


measured by average annual temperature ). 

The agreement in some characters and 
lack of it in others, make it desirable to 
calculate some compound measurement, 
which could indicate over-all resemblance 
between northern and southern and high 
and low altitude strains. Stalker and Car- 
son (1947) calculated such a compound, 
the Discriminant Function D., so chosen 
as to discriminate most efficiently between 
strains from different climatic zones. This 
discriminant takes the same form as D 


above. In this case the most efficient co 
efficients for discriminating between 
strains from different climatic zones were: 


thorax-length + 0.5030 


head-width t - 1.2630 
femur-length 1.0000 
wing-width C, + 0.2193 

0.0023 


wing-length 


value was 
] 


eeographical 


Using these coefficients a D) 
calculated for each of 45 
strains. The D. values so obtained showed 


correlatio1 


a highly significant negative 
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with average annual temperature ot the data are capable oft demonstrating them) 


source locality to occur in two steps, with the great 


Thus, since the flies from the north has ges occurring betweet e 2000 ar 

igher D. values than those from the 1400 foot levels, and relatively little change } 
outh, a high D. is evidently characteristic f a regular or significant nature occur . 

a northern type of morphology, and the ring above or below this break. [his 1s . 
relative size of the D. values should then in marked ntrast to the very considet 
ndicate the “northernness” or “southern ble inversion frequency changes whicl 

ess’ of the morphology of any group of ecur above 2000 and below 1400 teet 

) robusta adults. If then two groups ot The simplest explanation of this : 
fies are compared morphologically, thos« arallelism of the cytological and morp! 
with a significantly higher D, value shoul logical ehanges would be that the get 
be considered as possessing a more north- responsible for the altitudinal changes 
ern phenotype than those with the lower morphology le almost entirely in the aj 
D, value. proximately fifty per cent of the chromat 

. 7 5 7 


r, ’ — as — . e « é , 
Using the coemcients listed above, a new not invoived in inversions Howe ver, oul 


~ Aaa : c 
set of discriminants wa2 oo ee a teat al Missouri population r) 4 
oe I iuscriminantS was cCaicullated O! tudy ti a oOurl LD uiatio j 
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eing computed tor each ot the six eleva- hological characteristics associated wit 


Han Tl . are ireted in the lae mM E the i: Sone - a Sehad dat ' 
ions. nese vaiues are sted in tne tast some OI e inversions ( un} ubpisned data) : 


- > * ‘ ° ‘ 77 ° “7 ’ . . 
‘column of table 3 and shown graphically It seems probable that similar relationships 
’ ' re ; 17 , ly¢ ] sct +] ntat 7 ; ] . 
(aS percentages Ve l unwei¢g € CXI15S ri¢ mou a ( l - ja 
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nean) in hgure < u ries ¢ ests oO oug the numbe it measure mies art 
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| 7 7 7 7 ‘ ° ° . 7 | | 7 
e noted t t the ). values r the six lo- 1e¢ is improb ible the vpothesis that 
calities Show sig ca eterogeneityv, anc ost all ot the genes ¢ rolling the ¢ 
- « ] ] +] re | . 7 ] . ] | ] : 
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ntervalis iests ¢ the erences Dé niy partly res ns ( Lie pserves 
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ween 4000 teet and OUUU ter and r¢ n phological ( inges with aititudae : 
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wee! 1700 feet and 1LOOO fee indicate that (;,enes ly © outside the inversions are be 
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his apparent reversal 1S not signincant Als important and are responsible tor the ; 
rt et 
(comparison « he pool / values oft ict that the morpholog« and c. v1Cca 
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4000 feet. 3000 feet and 2000 feet with changes with altitude are non-parali 
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ence. Thus there is a tendency for flies i¢ within the inversions his could be : 
rom high elevations to have a higher D e case 11 1t were true that the same gene : 


value ; and interpreting the D., value as an rrangement has different genetic values ' 
over-all measurement of the “northern- t the different localities. [his assum] 
ness” or “southernness” of the morphol- tion would not be out of line with Dob 
ogy, the flies from the higher elevations hansky’s findings in D. pseudoobscura 


g 
. . - éé ** 7 , , , wd { | 
are significantly more “northern” than unpublished data, cited in 1948 paper ) 
” 4 a 5 > e | ° ’ + 
those from the lower levels wus 2L-3, for example, might be some- . 
what different at 4000 feet and at 1000 
Dis ussIon be e SS. ae 1 
eet t. Bu lifferent tv] f altitudina 


The changes with altitude for the two changes must then be explained; the m 
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based on differences between 2L-3 and 
alternate arrangements. The _ situation 
might be visualized as follows: All speci- 
mens of 2L-3 contain a certain group of 
genes which differ from a group found in 
all specimens of each of the alternate ar- 
rangements. It is these genes found in all 
2L, 2L-1, 2L-2 or 2L-3 on which selec- 
tion acts to establish altitudinal differences 
in inversion frequencies, resulting in the 
selection of 2L-3 and the discrimination 
against the alternate arrangements. 

3ut within 2L-3 some genetic hetero- 
geneity may exist which would in turn 
have selective value, resulting in the selec 
tion of one type of 2L-3 at 4000 feet and a 
somewhat different 1000 
The type of 2L-3 or the type of any other 
gene arrangement present in any given 
population would then determine its mor 
phological characteristics. 

We have no evidence that the 
portion of the altitudinal change in 
phology does depend on genes included in 


type at feet 


mayor 
MOT 
inversions, but suggest the mechanism 
above in order to show that this 1s not an 
impossible situation. Although we have 
spoken of the possible adaptive nature of 
the morphological changes it 1s, of course, 
understood that these changes may he non 
adaptive indications of some more impor 
tant physiological changes which are them 
selves adaptive in nature. 

(1947 ) 


1 
| 
i 


Stalker and Carson suggested 
that the parallelism in t 


and cytological geographical clines might 


ie morphological 


indicate that the inversion frequency gra- 
cients were responsible for the gradients 


in the morphology, with the inversions 


high 


frequency in the north 
carrying genes which produced a northern 


In view of the apparent dis- 


having a 


phenotype. 
similarity between the two types of alti- 
tudinal clines, such a rigid relationship 
hetween the morphology and gene ar- 
rangements seems unlikely 
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SUMMARY 


A morphological and cytological study 
of an altitudinal transect of Drosophila 
robusta Sturtevant was made near Gatlin 
burg, Tennessee. The transect included 
six collecting localities extending trom 
4000 to 1000 feet in altitude and covering 
a linear distance of eighteen miles. 

Eleven out of the fourteen 
rangements found showed changes in tre- 


gene ar 
quency over the area studied. The changes 
in inversion frequencies with decrease 
altitude 
of changes observed from north to south 


were not simple recapitulations 


in geographical studies. Some geographi 
cally northern 
change (2R), or an increase in frequenc\ 
(3R), with decreasing altitude. In the 
case of the clearly northern 2L-3 and \L-1 
a striking decrease in frequency with ce 


inversions showed ni 


creasing altitude was found. The dis- 
agreement between geographical and alti- 


) 


tudinal clines in the case of 2R and 3R 
may be due to the fact that: (a) the en 
at 4000 feet 


in Tennessee are similar but by no means 


vironments in the north and 


identical; (b) the same gene arrangement 


may have different genetic values at differ- 
ent localities. 

Of the five morphological characteristics 
measured in F., females, four: thorax 
length, femur-length, 
wing-width, showed significant decreas« 
four, 


wing-length and 


with decreasing altitude. Of these 
femur-length and the two wing dimensions 
from south 
south, 


also decrease north to 
Thorax-length is greatest in the 
and head-width which showed no change 
with altitude is also greatest in the south 

A compound measurement /), ( Fisher's 
Discriminant Function) so chosen as best 
to discriminate between the 


and lower three localities indicated 


three 


that 


upper 
the over-all morphological changes with 
altitude were greatest between 2000 and 
1400 feet, with little change 
low this point. This is 


abo eS oF be 


agreement 











ALTITUDINAL TRANSECT 


with the changes in the three most variable 
single characters, femur-length, wing- 
length and wing-width. The form of the 
changes indicated above is in contrast to 
the changes in inversion frequencies, 
which were pronounced above 2000 and 
below 1400 feet. The possible reasons for 
this discrepancy are discussed. 

Using the coefficients associated with 
the Discriminant D., originally chosen so 
as best to discriminate strains from dif- 
ferent climatic zones in the geographical 
study, a mean D,, was calculated for each 
mountain locality. Considering the values 
of D., as measures of “northernness” or 
‘“southernness” of the morphology, it was 
concluded that the populations in the up- 
per levels of the transect are significantly 
more northern in their morphology than 
hose in the lower levels. 
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The genus Menidia, which includes the 
silversides of the Atlantic and 
Gulf coasts of the United States, presents 
several aspects of interest for an evolution- 
ary study. Members of this genus have 
repeatedly entered fresh water from the 
sea :—two full species, 1. audens and M. 
extensa, have evolved from such invasions, 
and there are rather numerous examples of 
less-marked fresh-water differentiation 
within M. beryllina. 


common 


Two species, M. 
heryllina and M. menidia, occur together 
along the Atlantic coast from 
setts to 


parative analysis of geographic gradients. 


Massachu- 
Florida, thus permitting a com- 


Furthermore, these same two species hy- 
Florida. Thus, 
trom incipient speciation to 


bridize in all gradations 


full specific 
differentiation, with and without hybridi- 
ion, are found. 

According to the most recent 
(Schultz, 1948), there are only four spe- 
cies in Menidta; 


dealt here. M. 


water ranging from 


treatment 
it is these four that are 
menidia is a 
Nova 


occurs in salt, 


with 
form 
to Florida. VV. bervyllina 

‘ 


coastwise fresh water from 


Vera 


brackish, and 


‘Massachusetts to Cruz. Mexic 


in fresh water in the 


M. audens is found i 
lower Mississippi Valley, and \. exrtensa 
is confined to Lake Waccamaw, a faunisti 
North Carolina 
1946). The data 
here are focused on .\/ 
for the this 
seems to have given rise to .V. audens and 


cally isolated lake in 
( Hubbs 


and Raney, 
o be presented 


+ 


he ryllina, st ck of specie s 
lJ. extensa in one direction and hvbridizes 
with ./. menidia in another. 


The chief characters which have been 


used in differentiating the forms of the 
Present address: Dept. of Zool. and Entomol- 
University of Hawaii, Honolulu, Hawaii. 
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ersity of Michigan * 


1948 


and 


genus are the numbers of anal rays ° 


number and degree of 
development of the scales, the shape of the 
mouth and snout, the position of the first 
dorsal fin, the depth of the be dy, and the 
location of the posterior extremity of the 
air bladder. 

For a study of geographic variation in 
M. beryllina, i characters 
mentioned used. Those 
which lend themselves most readily t 


of vertebrae, the 


various of the 


above may be 


statistical analysis, however, are the num 
bers of second dorsal and of anal rays 


Within each of the 


(wit! ne 


(table 1 and figure 1). 
populations examined exce] 
tion), these two counts are positively co1 
related (table 1). 

ulations there is no correlation 


I I wwever, between pop- 
between 
these characters (a correlation coefficient 
calculated between six representative pop 


ulations gave + 0.04). Apparently som« 


factor associated with geography affects 
one but not the other of these counts be 
tween localities, without disturbing the 
inherent correlation between these charac 
ters at any one locality. If, for marine 
populations, the average second dorsal 
counts are plotted against latitude (fig. 2), 
increase in dorsal v s fou 


making the count 
easurements used in this paper are as folloy 
Che first full-length ray 

ray in the 


The methods 


is considered the 
anal and second dorsal, 
more or less double, ray is counted as a sing! 
ray. The predorsal scale count includes as 

tremities the first scale behind the dark area of 
the head and the last normally shaped predorsal 


ile The preventral count includes all scales 
1 the midline from the isthmus to the posterior 

nost scale between the ventral fins The total 
scale count is taken along that series which runs 


just above the pectoral base. The depth of body 
is measured at the level of the anus. Vertebral 
ounts include the urostyle; the first 


vertebra is that with the first closed haet 


al ch 
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Inset figures a-d redrawn from Kendall (1' 


| { ] c? ‘ 5 nd rs Ind ! ] 
r) | a leon On > anal r 
la i rsai rayS are given above, andi Trays 
setts specimen or Jlenidiad menidata, b, Florid: 
specimen of M. berylima; d, Florida specim 


in the insets the position ot the posterior exti 
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Numbers of second dorsal and anal rays, and correlations between them, 
in various samples of Menidia beryllina 


Starred samples are those not included in figure | 


Number 


specimens 


Mass.: Barnstable Co. 66 


N. J.t Ocean Co. 36 
Md.: Charles Co. 61 
N. C.: New Hanover Co. 71 
Fla.: St. Johns Co. 35 
Fla.: Volusia Co. 75 
Fla.: Lake Co. 37 
Fla.: Charlotte Co 70 
Fla.: Manatee Co. 50 
Fla.: Pinellas Co. 113 
Fla.: Hillsborough Co. 55 
Fla.: Levy Co. 28 
Fla.: Bay Co. 00 
Fla.: Santa Rosa Co. 67 
\la.: Baldwin Co. 3] 
Miss.: Jackson Co. 52 
Miss.: Jackson Co.* 65 
Miss.: Jackson Co.* 50 
La.: Orleans Parish* 80 
La.: Plaquemines Parish 54 
l.a.: Cameron Parish $4 
Texas: Aransas Co. 60 
from south to north. However, the num- 


ber of anal rays shows at best an erratic 
increase with latitude. For example, the 
average anal counts in many Gulf Coast 
samples (table 1 and fig. 1) is higher thar 
that from Massachusetts. It is apparentl) 
this geographic fluctuation in anal count, 
as opposed to a rather level gradient in 
dorsal count, which causes the lack of cor 
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ad dorsal rays and latitude in marine samples 


Menidia be ryllina. 


Second dorsal rays \nal ra 
C oethcient 

Mean | Standard | ean | Standard | correlation 
9.54 + 65 15.98 + 29 1 3%) 
9 36 + .67 16.00 + .97 + 55 
9.49 + .69 15.87 t+ .97 + 66 
9.27 +. 58 16.56 + 1.02 + 3) 
8.94 + 54 15.40 t .59 — .03 
8.93 +.61 15.68 /- 25 + 6] 
9.54 + .60 16.32 + 64 + 39 
8.51 + 65 14.90 + 1.00 L S50 
8.48 + .57 14.76 t 73 1. 57 
8.74 + .54 14.90 + 9 + 50 
8.87 + 66 16.27 . on 1 37 
8.93 + .65 15.18 t+ 1.04 +.71 
8.97 +.58 15.51 t 89 + 38 
8.97 + 46 15.66 + 80 L 66 
9.03 + 6 16.3? t+ 96 LL 38 
8.54 +.77 15.94 + 1.01 + .48 
8.80 + 56 16.15 + 1.10 1 33 
9.00 +.06 16.60 + QO 5? 
9.09 +57 17.11 + 1.20 + .40 
9.09 + .62 17.18 + 94 i... 38 
9 16 + 56 16.95 1 00 1 38 
8.73 t+ 66 16.43 + 6 1 37 


relation between these two-cl 
tween populations. 

In neither the dorsal nor the anal counts 
do the marine populations of /. beryllina 
Texas 
1). 
coasts of the 

off by their 
populations 


show a continuous gradient from 
to Massachusetts (table | 
fish both 


Florida peninsula are set 


fig. 


and 
Rather, from 
minimal fin counts from the 
both to the northeast and to the 

If only the marine populations of M. 


west. 


beryllina are considered, it might be pos 
sible on the basis of fin counts to divide 
the species into two or more, relatively 
homogeneous races. However, the situ- 
ation is greatly complicated by the popu- 
lations of this species which occur in fresh 
water. 
on Long Island, in the Potomac River, in 
North Carolina (Kendali, 1902, pp. 259 
and 260), and from various localities in 
The 
differ 
having a 


Such populations have been taken 


Florida and near the Gulf Coast. 


fresh-water populations seem to 


trom the salt-water fish 1 




































ereater number oi soit fin rays and scales, each, one from fresh water and one ma 
ind, with some exceptions, in having a_ rine. But the same gradient seems a 
more elongate body. The relationship of _ ply in the three more or less marine poy 
these characters to decreasing salinity may ulations from near Biloxi. Also, from the 
be traced in series of adjacent populations point of view of geographic XIMity 
(table 2) Che two Florida series shown those samples beginning with that fron 
this table consist of two populations — the outer shore Horn Islar e one 
| ABLI ) Cha? ¢ “i mor pholog cal d hara¢ ters from lilo?r j lé } Ni nidiia ‘ iin) 
and related fresh-water spe 
Means are given above, and number of specimens and standard 1 mean below i 
varentheses. Data for the starred item from Hubbs and Raney (1946 
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be con- 

Kendall 

found the same character grad 

the Potomac The conclu 

sion that changes in these four characters 
] 


trom the Mississippi delta might 
sidered as one continuous series. 
1902 ) 


River. 


are correlated with salinity seems ines 
capable. 

Two fresh-water 
lescribed, 
another 


ia (tables 2 and 3) 


species ot Menidia 


have been ( both of which seem 


and V. 
M. and ns 1S 


listinct from one from 
ervil 
now distributed over a moderately large 
area of the lower Mississippi valley ; 
monophyletic. y, 
though probably not phylogenetically, it is 
transitional between M. beryllina and 
rtensa (Hubbs and Raney, 1946) 


andl 


it ap 
Structurall 


4 


pears to be 


~~ 


ensa is the most elongate species in the 
a : 

renus, with an increased number 

rays, scales, and vertebrae. In all of thes 

5 = “"“cter ‘als! * selhine . ++ - ] 

Naracters, except perha S verte ut " 

17 . . ‘ : 

lf. audens and M. extensa apne 

resent continuations of the salt-t 


water gradient indicated for M 
] 

usually an incre: 

‘ounts, not with decrease, but rather with 


\ 


Increase in salinity. As a 


there 1s 


, wer ; 
is¢ 1! i CT1S \ 


matter Ol 


the typically marine species 1/. menidi 
shows such an increase in counts over V/ 
heryllina, which is essentially a brackisl 


TABLE 3. Comparison of morph 


f specimens and range below in parentheses. 


Data for the starred items from Hubbs and Rane« 
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Howe er, the 
cause of these high counts in JV. 


11@S, 


salt-water form (table 3). 
menidia 
[ believe, in geography, as I shall 
because of the 


point out below. However, 


relatively large number of meristic ele- 


ments in M. menidia the possibility exists 
that M. audens and M. cxtensa are deriva- 
of M. 
This seems unlikely for several 
Although .. menidia is found 
on the Carolina coast near ./. extensa, 
off the mouth of the 
Mississippi through which J/. audens must 


tives of this species rather than 
ryllina. 


reasons. 
it does not occur 


lave ne. J menidia rarely occurs 1n 
¢ . * oe 4 


resn or even 1n DrackKisin wate 


YO 
chain 
own to 

In M. 


bladder does not reach 


f morphologic forms has been sl 
1 


ik M. extensa 


> oe 8 
2094 rs n+ 
enid a the all 


7? 


with 17. 


S| 7 7 7 
nuch beyond tl 


7 , . 
ie anal origin whereas in 
M. audens, and M. cxte 


4 


t point in increasing amounts (fg. | 
sets, ind table 3 & Thus in the devel 
ment of the air bladder rvyllina is 

i. logical intermediate between ./. extensa 
and M. menidia. 

The question remains then as to the 


| he ( S¢ enoth f the iI bl: dder is 
l 1 i TI iagqaer 1 
+] + 7) Cf y niimber } lominal 
iect 1 ( 1 er lmMper! abdadomiinali 
tehrae - Ce ree hnaun for Af vaone 
i@ (or vice versa) SNOW Tr iV maen 
nd 7. extensa in table 3 
haracters in the four spectes of Menid 


, 


1946 d number 


Means are given above, an 


Snout-dor 
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caused by the rise of the Florida peninsula SUMMARY 
from the sea, leaving the ancestors of /. 


aah sa Se The phylogeny of the genus Menidia 
ryllina in the Gulf of Mexico and those 


' a was approached through a study of mor 
M. menidia on the Atlantic Coast. Un- . 
phological 


' na characters, ecology, and geo 
ler this hypothesis M. beryllina would ' 
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fact that 1t has formed two well-difter- 


now attributed to the genus The tw 


two along 
. camaw, North Carolina), appear to be 
entiated subspecies there, whereas M. 
heryllina has not. However, if M. beryl- 


na is postulated as the ancestor of ./. ex- 


recent (Pleistocene or later) derivatives 
of the stock of bervyillina, a species now 


, a abundant in coastal salt and fresh water 
— at beryllina must have been along along the Atlantic Coast from Vera Cruz. 


he Carolina coast in the Pleistocene. 


Mexico to Massachusetts. The two coastal 


species, Pberyilina and menidia, seem t 


have evolved 


If the two species have lived together on 
he Atlantic Coast since the Pleistocene, P. ral Ene 
. : . from a single ancestral form ' 
he question arises, why do they now hy- 


ridize in Florida? This question does 
reflect ad 


set forth, since it would have come up 1 


through geographical isolation and differ 
entiation in a northern group of popula 
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GLACIATION, AN ISOLATING 
A. L. 
Chicago Natural 


Recet\ ed J 


Geographical isolation seems to be a 
necessity for a species to break up into 
daughter species. 
is so great that apparent exceptions are 
of particular interest, as providing op- 
portunities to test the generalization. On 
continental areas when species with wide- 
spread, continuous ranges break up into 
subspecies the usual pattern is for a grad- 
ual change in characters, from one to the 


The evidence for this 


other, this area of change being wider or 
narrower, depending on the abruptness ot 
ecological change in the habitat. In north- 
ern continental North America most forms 
agree with this, but there are a number of 
non-conforming examples. 
cases where two representative forms with 
a continuous range have evolved beyond 


These are 


the point where they behave as subspecies 
other, but have not yet attained all 
the attributes of species in respect to each 


other. 


to each 


There are two alternative explana 
situ 
geographical isolation, 


tions. Either they have evolved in 
without the aid of 
or some factor in their history has pro- 
isolation since 
cases, from the northern 


America, which | 


vided an removed. It is 
part ot 


below. 


such 
North 


with the suggested explanation that former 


discuss 
isolation provided by the ice age is suffi 
cient to account for present conditions 
Much of northern North 
been occupied, or re-occupied 


\merica has 
only re- 
cently by its present biota. Presumably 
before the ice age there was a northern 

belt occupied by plants 
and animals. But when glaciers came to 
cover most of the | the 
continent, the plants and 
there were reduced to existing in refugia 
south of the ice, and in ice-free refugia 
within the glaciated area. Later with the 


= 
n1~ta 


transcontinental 


northern part of 


animals living 


melting and retreat of the ice the 
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again spread to occupy the northern part 
of the continent. 

One effect of this glaciation was to pro- 
vide isolation for the fragments of popula- 
tions of the various species, in which they 
could evolve independently, with resulting 
complexities when later the descendants of 
after the 


these isolated populations met, 


melting of the ice. This aspect of specia- 
tion has received some attention particu- 
larly by botanists (see Raup, 1946, and 
Hulten, 1937) 
in working out the taxonomy 


ls, notably the relation of bron 


and has been considered 
of certain 
zed 


bire and 


purple grackles Ouiscalus quiscula aeneus 
yuiscula and stonet (Chapman, 1940) and 
the yellow shafted and the red shafted 
Hickers (Colaptes auratus and C. cafer) 


(Mayr, 1942, p. 265). 


area a similar set of phenomena has re- 


In the European 


ceived considerable attention (see Mayr, 
1942, pp. 263-5) North 
this subject merits additional study. Ina 
North Amer- 


ican bird fauna Mayr (1946) does not 


but im \merica 
review of the history of the 


discuss the effect of glaciation 


The effects of this glaciation are par 
ticularly apparent where pairs of “‘semi- 
species’ were formed. These are the 


which two forms, or groups of 


Cases 1n 


meet along a narrower or wider 


helt, and their relationships to each other 


forms, 


ire neither those of species, nor those of 
subspecies, but combine some character 
and in all 


istics ot each. They Seem to be, 


probability are, at a stage of evolution be 
tween that of 


It has 


species and subspecies 
| 
that 


and present day 


been suggested these are 


“species in the making,” 


barriers, such as the Rocky Mountains, 


are sufficient to account for this process 
(Mayr, 1940, p. 260). However from 


personal examination of much of this 


314 




















a 
bel 
cs 


GLACIATION, A FACTOR IN SPECIATION 














r . ‘ \ ‘ 
x \ *A\ AY . \ . \ 
40° NANA \ OX : 
SAN EN AR we \ 
, YARRA, LAB Y x 
i a oe ‘ x 
‘ ‘ NY \\) ea YY 
4 2s x ~* x 
( WS 
~ ‘ ‘ Ne 
a fs ty 
\\ SSAA » 
a 5 , 4 
¥Y i= 
270 
| 
Maximum extent of solid ice sheets according to Hulten, 1937 
idditional local glaciation also occurred lint (see fig. 2) believes that 
laciation was more extensive than this 
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1 17 


speciation \S Snail SNOW DVeIOW, T ~ Guil (Larus I} yentatus-L. leucopterus 


speciation correlates with the tsolation o complex Larus leucopterus breeds 1 
in earlier glacial period, and the present Greenland; kumilient on Baffin Island; 
zone of contact 1s a secondary ( hla on the other Arctic Islands and thx 
Che botanists have postulated refugia; adjacent arctic coast. All behave as sul 
one or more southeast of the ice; two or species to each other. L. a. smuithsonianus 


more southwest of the ice in the Rocky a more southern form which seems to b 
Mountains area; and one or more in the | subspecifically related to thayer:, however, 
Yukon-Bering Sea area (Raup), which also breeds on Baffhn Island where tt meets 
correlate with types of bird distribution kumilient as a species. Here we get a 
[In addition certain groups of “semi-spe- circle of subspecies, with the end products 


: ae 
behaving as species, this last certainly be 


cies” indicate there might have been ref 
ugia in the Arctic Islands. These last ing a secondary condition (Rand, 1942 

need not have been permanent in locatior1 \ related case is provided bv the Canada 
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; , ' : rr , r 
een SIOWLY MOVING, ali LOOS LIpien (branta QHAACHSIS ). 


Chey could have 
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locally on islands and the edge of the arctic 
coast, while there is a group of larger, 
more widespread and southern ones. A 
small overlap in breeding range is re- 
corded (Aldrich, 1946). There is a fur- 
ther complication in the relationships of 
from the northwest area (Alaska 
and British Columbia) which are dark 
breasted and by some are considered an- 


birds 


other, closely related species. The re- 


lationships are still incompletely under- 


] 
stood. 


he 


In the case of both the gulls and t 
geese a former separation and later meet- 
ing after a removal of a barrier seems 1n- 
dicated. For the northern forms a period 
of isolation of the breeding range by ice 
masses from the southern forms, and a 
later meeting with disappearance of the 


ice mignt 


ght explain the present situation in 
part. With the geese the additional com- 
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plication of the dark-breasted, northwest- 
ern forms might be correlated with the 
Yukon-Bering Sea refugia. 

\ different pattern of speciation cor- 
related with glaciation in the far north 1s 
given by the American and the Black 
Brant (Branta bernicla and B. nigricans). 
[In America the former breeds in the East 
ern Arctic; the latter in the Western 
Arctic. Apparently they meet somewhere 
in the Central Arctic but some biological 
indicated from the 
\ similar situ- 
Eider 


discontinuity seems 
scarcity of intermediates. 
ation prevails with the Pacific 
(Somateria v-nigra) of the Western Arc- 
tic and the Atlantic Eider (.S. mollisstma) 
of the Eastern Arctic. Certainly a former 
separation and a later meeting seems indi 
This would with the 
glacial period, with eastern and wester 


populations separated bv the 


ated nerelat 
Cated. correiate 


maritime 
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two forms are very close, and while inter- 
gradation (or hybridization) d occur, 
it seems not to be common, and intermedi- 
ates occur over a very narrow zone. 

A similar case is provided by the Audu- 
bon and the Myrtle Warbler, Dendroica 
audubont and D. coronata. The juncos in 
the north, the Slate-colored Junco, Junco 
hyemalis, and the Oregon Junco, oreganus, 
present a somewhat similar picture, but 
the area of meeting is somewhat farther 
north, northern British Columbia and 
southern Yukon, as well as western 
\lberta, and the zone of intergradation 1s 
great enough for the intermediates to re- 


oes 


in 


ceive a name: J. h. ctsmontanus ( Miller, 
1941). 

An eftect of two refugia south « 
in the Rocky Mountains region, as well 


7 
A 


f the ice 
as one in the southeast, seems indicated in 
the Canada Jay, Perisoreus canad 
One type of plum- 
age occurs from Nova Scotia to Alaska, 
“canadensis” ; another occurs in the moun- 
from southern British Columbia 


Ensis, Ol 


the coniferous forests. 


tains 
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southward, “capitalis” ; and a third in the 
coastal areas from British Columbia south- 
ward, Though morphologi- 
cally easily recognizable, they are close; 
and areas with intermediate populations 
though in others 


“obscurus.”’ 


occur in some places, 
they are very narrow or lacking. 

A somewhat similar 
with minor complexities, 
the three sapsuckers, the Yellow-bellied 
Sapsucker (Sphyrapicus varius), the Red- 
nuchalis) and the 





though 
resented by 


picture, 


7 
} 


1s 


naped Sapsucker (S. v. 
Red-breasted Sapsucker (S. 
related forms). 

There is another example in the White- 
crowned Sparrow group, Zonotrichia leu- 
cophrys, which indicate the 
effects of four populations isolated: 
in the southeast ; one in Yukon-Bering Sea 
area; one in the Rocky Mountains area, 
and one in the Pacific area during glacial 
periods and since spreading and meeting 
Che White-crowned Sparrow (72. /. leu- 
cophrys) ranges from Gaspe to northern 
Manitoba; Gambel’s Sparrow (2. /. gam- 


ruber and 
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LU) 


seems 


one 
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ga 
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Halliday (1943), 


s distribution with the f 


? } 
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la and B. nigricans ) 


out by and Brown who arctic coast, t! 


41 
cr yrrrelate tn 


refugia outlined above. and the eiders (Somateria), e same is 
\s ossible alternative there is the true here seems no conspicuous difter- 
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question as to 


difference ra 
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whether or 


not 


a habitat 
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rit 


‘r than geographical isola 


| 
hpetween 
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Habitat differences are correlated in 


part with speciation in the remaining three 


complexes. In the loons (Gavia) west 
of Hudson Bay such a correlation appears 
but it breaks down east of Hudson Bay; 
in the gull complex (Larus) the northern 
forms thayeri-kumlieni-leucopterus seem 
more maritime than does the more south- 
It might be argued 
isolated in 


ern smuthsonianus. 


that smithsonianus had been 
fresh-water breeding sites and had only 
recently spread north to intrude into the 


area occupied by kumlient, but this does 
bird far- 


hot accord with the habits of the 


ther south, where it nests on salt as well 
as onfresh water. The case of the Canada 
geese (PBranta 
seems to involve coastal and inland forms, 
but the habitat 
taxonomic relationships still remain to be 
worked out and it seems advisable to cor- 
relate them with the explanation that fits 
better the bulk of the material. 

The ecological approach seems unsatis 


factory and the 


canadensis and relatives) 


relations as well as the 


temporary geographical 
isolation founded by glaciation seems the 


most satisfactory. 


Disc USSION 
The above described cases are typ Ss Ol 


distribution and relationships of “semi 
species” in the northern North American 
bird h 


tion and habitat differences are 1 


fauna. Present geographical isola- 


sufficient 


to account for their development. But the 
present day situation in the avifauna is 
consistent with a former set of barriers, 
since removed. And just such a tempo 
rary barrier, the ice of the Pleistocene, has 


been postulated by geologists and ex 


solving 


tensively utilized by botanists. in 
It seems to be applicable 


is probable that 


such problems. 
to the bird fauna also. It 
some bird populations were isolated in 
refugia south of the ice in the east; in the 
west; and also in the Yukon-Bering Sea 
area; and perhaps in the Arctic Islands 
We have had in effect a natural experi 
ment in speciation. After a period of iso 


lation the barriers were removed and the 
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separated al 


We can 


been 


had 


together. 


populations that 


lowed to come now 


study the results. 

The semi-species which were one of the 
results did not all evolve uniformly to 
in all their characters. I1 
the loons and the chickadees the biological 
but their 


similar 


the Same ley el, 


discontinuity appears complete, 
are so 


each other's 


ecological requirements 
they 


That this is not solely a habitat difference 


cannot invade range 


is shown by the loons. 
In others, such as in the grouse and 1 


the warblers, there appears to be a pat 
tial biological discontinuity Locally at 
least there seems little or no disc 
in the jays and 


Though I have followed current practic 


woTiy uity 


in the juncos. 


in calling these related torms “semi-spe 

cies,’ and they are at an evolutionary 

level intermediate between that of species 
| 


and subspecies, they are not necessarily 


the making.” ‘The 


“ce 


species in two loons 
come to in- 
| behave like 
ordinary sympatric species; the warblers 


and grouse 


and the two chickadees may 


vade each other's territory an 


- increase their biological 
may mcrease ell NOLOL1CaA 
s | 


discontinuitv and evolve to species level 


with the start they now have. The juncos 


seem to have established themselves at a 


subspecies level as have the jays. Some 
may be species in the making, but others 
seem to be merging after a period of sepa 


eCXalll] les, ot course, 


elaciation 


above givet 


do not exhaust the effects « 


Even within the boreal part of the con- 
tinent it is probable that certain subspe- 
cific and specific limits have been affected 
It is possible that, 


ition of the 


by the glacial period 
in addition to the phy sical sont 


’ 


ice, eastern and western refugia for borea 


forms south of the ice have been separated 
extending 


rt of the 


in part by the treeless stepp 
south of the 
continent. 


: : bencn t 
ice 1n the central pa 


Farther south, glaciation plus 


geographical isolation caused by ecological 


factors appears to have been a factor in 


speciation, including the production of 


some semi-species. However the present 


paper is restricted in scope to demonstra- 
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\ number of northern North American 
birds have a more or less continuous range 
in which some geographical representa- 
tives are further evolved than the sub 
species stage, but have not reached the 
5] ecies stage lt these evolved under pres- 
ent conditions they would appear to be 


. - ] ao | 
cases of speciation without geographical! 


isolation. However, a factor in their his 
tory seems to be the glacial period which 


rovided temporary geographical barriers 


so that fragments of the species had 1s 
lation in which to develop. With the re 
+] 


nese pol ulations met 


treat of the glaciers 
again, and now show various degrees o 
atest Li; lot oe. al Baal 

relationships between that ot subspecies 
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ind species. Some may be “species 
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INTRODUCTION 


A systematic biologist or a paleontolo- 
gist inevitably comes to entertain some 
views about probable modes and patterns 
of organic evolution. The patterns become 
delineated according to the group or 
groups of organisms with which one is 
familiar, his knowledge of their past rec- 
ord and their present development and 
distribution, his degree of understanding 
of the facts and principles of allied bio- 
logical disciplines, and his acquired pre}- 
udices. The modes a systematist conceives 
to have operated in evolution, however 
dimly held or naively attained his views 
may be, affect the arrangements he makes 
and the interpretations that he draws from 
these arrangements. 

[t is of fundamental importance that this 
be recognized and taken into account. It 
is, moreover, desirable that workers in 
the several fields of biological science pe- 
riodically review the principles that they 
have come to accept and lines of thought 
that derive from or lead to acceptance of 
these principles. In the ensuing pages | 
shall attempt to give expression to some 
views about relationships between inverte- 
brate paleontology and evolutionary the- 
ory, with special reference to modes and 
patterns of invertebrate evolution. 

The paleontologist, of course, is con- 
cerned not only with the highly important 
task of compiling the roster of extinct or- 
ganisms. He is interested in the 
conditions under which the bygone organ- 
isms of the earth lived, in their relation- 
ships to one another, in how they came to 
be different from or like one another, and 
in the reasons why the succession of 
known forms developed in the order he 


also 
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sees and not according to some other ar- 
rangement. Including the living and the 
dead, there are perhaps a million described 
species of animals without backbones and 
another million or so—perhaps several 
mullion—yet to be described. 
included in thousands ot 
genera and thousands of families that are 
already known and all 
are grouped in at least a couple 
bona-fide Phyla.' It is fundamental and 
obvious to inquire how the record of fos- 
sil and living animals may be interpreted 
to indicate relationships and suggest the 


hese are 
some tens of 
and described, 
of dozen 


course of events, and it is about such es- 
sentially phylogenetic problems that most 
paleontological thought on evolution turns. 

Of the general subjects that I consider 
of special interest as regards interpreta- 
three will 
These 


tion of the invertebrate record, 
be discussed in the present paper. 
are (1) homeomorphy, due either to paral- 
lelism or to convergence; (2) paedomor- 
phosis; and (3) eruptive evolution. 

This discussion is presented in all hu- 
mility, without thought that it is definitive 
or that more than a very small part of 
what it contains is truly original. It will 
fulfill its intention if it brings a few ideas 
to focus and elicits further discussion of 
the principles and facts involved. It 1s 
to be hoped that systematic tracing of 
lineages through time with these concepts 
in mind, and with paleoecologic controls, 

1 The arch reactionary says 9, the most ex- 
treme split that | can find reasonable basis for 
gives 35. It is to be noted that by the word 
Phylum I mean the largest formally recog 
nized systematic category below an infra-king- 
dom, in distinction to some current usage of 
the term to mean any phyletic line. The ini 
tial capital P is used advisedly to emphasize 
this distinction. 
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may eventually furnish the statistical basis 
for more objective causal interpretations 
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HOMEOMORPHY 


Preliminary discussion. Homeomorphy 
(Buckman, 1895, p. 456) describes the 
situation where two not closely related 
animals look much alike, or where repre 
sentatives of particular stocks of animals 
have attained or maintained strong super 
ficial similarity following earlier diver 
gence of the radicles involved. It may 
be defined as the phenomenon of general 
superficial resemblance, with dissimilarity 
in particular significant structural detail. 

To the layman the similarities between a 
porpoise and a shark, or between ordi 
nary types of pelecypods and brachiopods, 
would indeed seem homeomorphous, but 
Haas and Simpson (1946, p. 340) have 
given greater precision to the term by 
specifying that the similarity between the 
organisms considered must reach “such a 
degree that ... the one may be mis 
taken for the other even by a trained nat- 
uralist.” I prefer to employ the term 
homeomorphy only to designate similarity 
between the external forms of whole or- 
ganisms, rather than of particular struc 
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tures, and also to regard it as properly 
descriptive of certain instances where the 
nature of the similarity between organisms 
is such as to be misleading to the natural 
ist observer even though degree of re 
semblance itself may not really be very 
great. 

The general sense of the term is that 
it denotes the existence of similarity that 
may be a legitimate source of taxonomic 
confusio1 In this sense the degree 
similarity demanded tends to fall with m 
creasing remoteness of relationship. 

\ccording to my concepts the most ap 
propriate use of the term homeomorphy 
implies reference of the groups involved 
to different subfamilies or larger cate- 
gories [t has also been applied to in- 
stances of striking external resemblance 
hetween different genera of the same sub- 
family. But species or subgenera of the 
same genus are not in any circumstance 
properly described as homeomorphous. 

Homeomorphy in any sense is rampant 
among the Brachiopoda. Shells of closely 
similar shapes and patterns of ornamenta- 
tion were produced at the same time or 
different times by brachiopods of varying 
degrees of relationship to one another. In 
some instances these shells differ only in 
particular internal structures; or in one 
shell being perforated by numerous tiny 
tubules known as puncta, whereas the 
homeomorph might be a solid or impune 
tate shell. A few examples that happen 
to be convenient will serve for illustration, 
but many others of equal validity and de 
oree Ci uild be presented. 

[etractinella vs. Cheirothyris. A re 
markable example of homeomorphy 1s 
found between species belonging to two 
distantly related genera of brachiopods 
that lived in different times of the Mes 
zoic Era in Europe (Cloud, 1941) The 
shells of Tetractinella trigonella (PI. 1. 
figs. 1-5) and Cheirothynis fleuriausa ( P! 
l, figs. 6-12) have such extraordinarily 
similar shape and ornamentation that they 
have commonly but mistakenly been re 
garded as belonging to a single species. 
\ctually the stocks to which these shells 
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Fic. 1. 
vergence. In each instance +r 
whereas A-B, A’-B’, and A”’-B" 
homeomorphous descendant stages. 


belong had been distinct from one another 


for not less than 180 million years (since 
Late Silurian at least). 

Tetractinella, which lived in Middle 
Triassic ° (early Mesozoic) time, had an 
impunctate shell and on the inside a spi- 
rally arranged calcareous filament for the 
support of its cirrate food-gathering ap- 
paratus. Chetrothyris, which inhabited 
the Late Jurassic (middle Mesozoic) sea, 
had a punctate shell and a loop-like cal- 
careous support for its lophophore. It 
is not necessary to enter discussion here 
of the differences between their respective 
cardinalia. In sum Tetractinella belonged 
to the stock of brachiopods known as 
spiriferoids, 
terebratuloid. If 


whereas Cheirothyris was a 


one examines these 


* The reader unfamiliar with the geological 
time scale and stratigraphic column may find 


them tabulated in any textbook of historical 
geology. It should perhaps be noted that the 
same names (e.g. Triassic, Permian) denote 


both periods of time (major subdivisions of 
an Era) and systems of rocks. Early, Middle, 
and Late as referred to periods and Lower, Mid- 
dle, and Upper as referred to systems denote con- 
ventional major subdivisions; the same adjec- 
tives without initial capitals are indefinite or 
approximate in implication. Eras, the major 
time divisions, are denoted by “zoic” endings. 





Schematic representation of 
represents 


patterns of parallelism and con 
a theoretical common ancestor, 


represent the homeomorphous or near 


brachiopods closely one sees that the shell 
with the impunctate test and the spiral 
ribbon, Tetractinella, has a smaller pedicle 
opening (at the beak end) than does its 
punctate, loop-bearing homeomorph, C/et- 
rothyris. But this is more readily noticed 
upon realization of how different the two 
genera are in other respects. 

Because Tetractinella and Chetrothyris 
lived at significantly different times they 
may be called heterochronous homeo 
morphs. Had they lived at the same time 
one might say that they were isochronous 
homeomorphs. 

Parallelism vs. convergence. But home 
omorphy involves differences of mode as 
well as differences of time. Because, un- 
der concepts to which I adhere, Tetrac- 
tinella and Cheirothyris belong certainly 
to distinct super-families and perhaps to 
different orders of they 
should be considered convergent. Con- 
vergence then is an evolutionary process 
that leads toward or to homeomorphy be- 
tween stocks that diverged a long way 
from their inevitable common ancestral 
root before coming to resemble one an- 
other again (fig. 1). 

Convergence produces the most strik- 


brachiop« ds, 











ing and remarkable instances of homeo 
morphy, and it poses some interesting 
problems. One might, for instance, ques 
tion that Tetractinella and Chetrothyris 
were the results of convergent evolution 
(in this case probably a fortuitous con- 
vergence) and suggest that Cheirothyris 
may represent the independent derivation 
of a punctate loop-bearing shell from the 
impunctate spire-bearer Tetractinella. It 
would not be profitable to argue that 
point here, for I can reply briefly to such 
a suggestion only by stating that evidenc: 
could be adduced to show that it is an im- 
probable one. Other instances thought 
to represent convergence are open to sim 
ilar query, of course. 

However, the analogous query loses 
force as the probable convergence of ex- 
ternal features between representatives of 
internally widely divergent groups be 
comes more involved in pattern and sim 
pler in detail. An instance comes to mind 
of a heterochronous and probably con- 
vergent homeomorphy between genera 
representing three separate families under 
two superfamilies of brachiopods—namely 
Brachymimulus of the Middle Silurian, 
Camarophorina of the late Permian, and 
Norella of the Middle Triassic (also Para 
norella of the middle Permian). These 
are all smooth, biconvex shells of nearly 
the same size and shape, with the simple 
but unusual and thus misleading attribut« 
of having a sulcus on the brachial valve ; 
vet their/internal structures are widely di 
vergent 

Homeomorphy also results from paral- 
lelism,* a word that describes the situation 
where more closely related types, after di 
verging from a common root, tend to un 
dergo similar structural changes (fig. 1) 
Parallelism is a more common producer 


$’ Contrary to Haas and Simpson (1946, p. 
338) whose definitions of parallelism and con- 
vergence in other respects are most appealing. 
As employed by its original proponent, S. 5S 
Buckman, and by most subsequent students of 
the invertebrates the term homeomorphy has 
been very commonly applied to members of 
parallel series (see, for instance, Dunbar and 
Henbest, 1942, p. 53). 
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of homeomorphy as I| understand it than 
is convergence, but homeomorphy so pro- 
duced is ordinarily more subtle and more 
difficult to recognize than that resulting 
from convergence. 

\n example among the brachiopods of 
a nearly isochronous three-way homeo 
morphy that 1s probably due to parallel evo- 
lution is furnished by species of the genera 
Pionodema, D 


described in an important paper by G. A 


leroides, and Mimella and 
Cooper (1930 The example selected 
for discussion in the present paper is one 
surely familiar in its general terms to 

oTrent TT?) T r nal aR ] v7 t : hat " 
orea any paleontologists. It is that o 


7 
| 


the subquadrate, wide-hinged, thin-bodied, 


and radially ornamented brachiopods be 
longing to the families Stropheodontidae 


and Strophomenidae. and its essential ele- 


ments are graphically summarized in 


figure 2 

Stropheodontidae vs. Strophomenidae. 
The Stropheodontidae have the normal 
curvature of thin-bodied brachiopods, the 
pedicle valve (with overhanging beak) be- 
ing the convex one and the shell concavo- 
convex. In the Strophomenidae the cur- 
vature is reversed except in the earliest 
erowth Stages, the shells are convexo- 


concave, and the strophomenids are said 


to be resupinate 

Now it is a matter of record that repre- 
sentatives 
1rough a succession of strata rep- 
resenting something on the order of 100 
million years of time, or through essenti- 
ally all of Middle and Late Ordovician, 


these two groups range to 
cether ¢t} 
vere! tl 


Silurian, and Devonian time. In general 
the Ordovician members of both stocks 
have a smooth or non-denticulate cardi- 
nal margin or hinge-line, the Silurian rep 
resentatives a partially denticulate cardinal 
margin, and the Devonian ones have a 
completely denticulate cardinal margin. 
Some overlap occurs in both directions 
between the Silurian and Devonian, but 
apparently not enough to affect signifi- 
cantly the general picture. Further cor- 
respondence between these stocks may 
commonly be found in the relative coarse- 
ness of the radial ornamentation, and, al 
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together, few invertebrate paleontologists 
have not had the experience of being mo- 
mentarily confused by mixed assemblages 
of isochronous members of the stropheo- 
dontids and strophomenids. 

The general torrespondence between 
these two morphologic series is remark- 
able, but there are actually three possible 
ways of looking at the resemblances seen: 
(1) they may be the results of parallel 
evolution, following initial divergence of 
the strophomenid radicle from the root 
stock; (2) there is a possibility that the 
strophomenids represent a gathering of 
convexo-concave phenotypes resulting 
from recurrent mutation toward resupina- 
tion in the stropheodontid stock; and (3) 
the ingenious suggestion has been made 
by Professor P. E. Raymond (oral com- 
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munication) that some of the reversed 
pairs are simply “ecological genera” whose 
convexity depended on the side on which 
they lay at the bottom, as these shells 
most probably did, the animal turning up 
trom the muddy bottom at the growing 
edge of the shell, and the top side, which- 
ever it was, becoming concave 

The peculiarities of some of the 
chronous reversed pairs are such as to 
keep open the possibility that the Stropho- 
menidae may be a composite group. Nev 
ertheless, in most differences 
between these isochronously occurring 


shells of the strophomenid-stropheodontid 


1SO 


instances 


series, or in their distribution would ap 


pear to rule out the third suggestion, and 
apparent general continuity of trend in 


opposite groups would militate against 















































z) NORMAL (Strophe odontidae) RESUPINATE (Strophomenidae) 
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Fic. 2. Gross morphologic sequence in the stropheodontid and strophomenid brachiopods. 


The part of the shell compared in all boxes is the interarea of the pedicle valve, showing 


relative denticulation of cardinal margin (hinge-line). 


The lower figures in A and A’ rep- 


resent the sagittal profile characteristic of the family in question, the left being posterior, the 


right anterior. 
larity of curvature. 


Pedicle and brachial valves are reversed between boxes to show gross simi 
The figure in box B gives the plan outline of the pedicle valve. 


Che 


genera cited are common ones at the stages of development indicated, but others would do for 


illustration and the actual record is much more complex than the diagram indicates. 
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the second possibility except in certain 
remarkably distinctive groups such as the 
Douvillininae, which are not separately ap 
portioned between the normal and resupi- 
nate branches anyhow. I think it highly 
probable, therefore, that the Strophomeni- 
dae actually comprises in large part genera 
that have truly evolved in parallelism with 
their counterparts of normal curvature in 
the Stropheodontidae over long periods of 
time. 

In a broad sense, and without troubling 
o tabulate certain fine generic distinc- 
tions, or to record possible instances of 
) 


prospects 2 or 3 (above), the resupinat 


line represented by Strophomena, Stro 
phonella, and Strophonelloides may rea 
sonably be interpreted as having evolved 

parallelism with the homeomorphous 
series of normal curvature represented by 
Rafinesquina, Brachyprion, and Stropheo 
lonta (fig. 2). Critical statistical and 
paleo-ecologic studies will have a bearing 
on the fine points of this problem 

Basis of parallelism and convergence 
In practice, of course, it is commonly 
dificult to say whether a particular in- 
stance of homeomorphy is due to paral 
lelism or to convergence. But. although 


the results may be very similar, the opera 
tive principles behind parallelism and con 
vergence may be very different Paral 


lelism might be due to direct inheritance 
f similar but limited patterns of growth 

the absence of rigorous selective pres 
sure, as well as to selective effects them 
selves. But convergence, such as I con- 
sider to have produced the heterochronous 
homeomorphs Chetrothyris and Tetrac- 
tinella, can be only fortuitous or adaptive 
(through selective effects upon pheno 
types and thus upon the sorts of geno 
types that may persist). 

Among extinct invertebrates it is rarely 
possible to produce strong evidence of 
adaptive convergence; but there is some 
good circumstantial evidence of adaptive 
convergence among invertebrates, and it 
is so well shown by many vertebrates that 
one may reasonably assume it to be com- 
mon. It is also true, however, that for- 


tuitous variation would probably have 
greater likelihood of producing homeo- 
morphy within a group that was geneti- 
cally as unelaborate as the brachiopods 
probably are and were, and among which 
a relatively limited variety of gross shell 
form is known. Tetractinella and Cheiro- 
thyris, in fact, probably do represent for- 
tuitous convergence of a remarkable de- 
gree 
Instances of probable adaptive conver- 
gence. On the other hand adaptive con- 
vergence is most likely to be accountable 
for the fact that certain markedly gregari 
ous brachiopods and_ pelecypods that 
thrived in clean and shallow waters of the 
Permian and Cretaceous seas came to re- 
semble cup-corals so closely that they are 
commonly taken for corals (Pl. 2). They 
were all sessile organisms living under 
closely similar conditions of environment, 
and they all accumulated an excess of cal- 
cium carbonate in a generally similar way. 
If even a trained naturalist examined 
only casually the Permian brachiopods 
Prorichthofenia and Scacchinella, the Cre- 
taceous pelecypods Coralliochama and 
Hippurites, the operculate Devonian tetra- 
coral Calceola, and certain of the more con 
ventional types of Paleozoic cup-corals he 
might well be uncertain as to which was 
coral, which brachiopod, and which pele 
cypod. He might easily take the coral 
Calceola for a brachiopod, group the 
brachiopods and pelecypods together, and 
confuse any or all of the brachiopods and 
pelecypods in question with normal cup 
corals. He would be especially likely to 
do the latter should he see only the conical 
valves of the brachiopods and pelecypods, 
and should the corals happen to belong to 
the Cystiphyllidae, which have an irregular 
vesicular internal structure remarkably ay 
proaching in general appearance that t 
be seen in the thickened apical ends of cet 
tain of the homeomorphous pelecypods and 
} | 


brachiopods in question 


In fact trained 

naturalists have made all of the muisinter 

pretations suggested 
The Permian brachiopod Leptodus (PI! 


3), although not actually homeomorphous 
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PLate 1. A. Brachiopod homeomorphs. B. Cephalopods and gastropods. 
(The vertical black lines represent 1 inch at natural scale.) 
Figs. 1-5. Tetractinella trigonella (Schlotheim), Middle Triassic, Recoaro, northwest 
Vicenza, Italy (Yale collections). 
Fics. 6-12. Cheirothyris fleuriausa (d’Orbigny), Upper Jurassic, Leidenheim and Natt 
heim, Wurttemberg, Germany (Yale collections) 
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with the ostreids, had taken on the general 
habit of growth of oysters long before 
there was a pelecypod genus Ostrea, prob- 
ably as a result of becoming fitted to a par- 
ticular ecologic niche—namely one wherein 

shell that attached by cementation of a 
large portion of one surface could get 
along well. On the other hand, th 
semblance of Leptodus to the pavement 
teeth of certain fishes, close enough that it 


© tc 


was originally assigned to the fishes by 
reputable paleontologist ( Kavse # 1883, Dp. 
161), shows that fortuitous or fanciful 
nonadaptive resemblance does occur. 

Helically coiled cephalopods. It is very 
much of a puzzle to separate cause from 
effect in contemplating the fact that cer- 
tain only distantly related cephalopods ac- 
quired at different geologic times shells 
that were coiled in a helicoid spire like a 
gastropod (PI. 1), instead of being straight 
or coiled in a plane as cephalopods nor 
mally are. Such situations are found in 
the nautiloids Lechritrochoceras and Tro- 
choceras of the Silurian and Devonian re- 
spectively, the ceratite Cochloceras of the 
lriassic, and the Cretaceous ammonoids 
Turrilites and Emperoceras (irregularly 
coiled in late stages of growth). The con 
vergence is thus heterochronous between 
different groups of cephalopods as well as 
between cephalopods and gastropods. 

It has been suggested by Dunbar (1924, 
p. 203), and it seems eminently logical to 
suppose, that cephalopods with such snail 
like shells were vagrant benthon ; crawling 
about at the sea-bottom as marine snails 
ordinarily do, instead of being more or less 
active swimmers (nektonic to nektoben- 
thonic) as cephalopods with straight or 
planispirally coiled or curved shells (most 
are for the most 
The typically 


shell-bearing genera) 


4 
part thought to have been. 
creeping molluscs, the gastropods, nor- 


Figs. 13, 14, 17. Gastropods. J urritell 


Pleistocene, San Pedro, California (HSSC-1599, 1658 


cent, Stonington, Connecticut. 
Figs. 15, 16. Ammonoid cephalopods. 


Escragnolles, France (MCZ-3703). Emperocer 
sumably from Pierre shale of northern high plains in the United States (MCZ-3704). 


I 


jewetti Carpenter and T. 


mally carry their helicoid shells obliquely, 
and the aperture of the shell is obliquely 
situated with regard to its vertical axis. 


Although some creeping gastropods ( Plan- 


orbis) have an essentially planispiral shell, 
such a shell 1s atypical for the group as a 
whole, and Dunbar (1924, p. 203) has re- 
minded us that “the pelagic gastropods, 
the pteropods, are all bilaterally sym- 
metrical, and...the genus Allanta, 
which has . . . become adapted to a pela- 
gic existence, 1s coiled very nearly in one 
plane.’ 

Whatever the reason, it 1s a fact that, 
among animals that have shells, a helicoid 
shell with an obliquely situated aperture is 
characteristically associated with a creep- 
Assuming, as seems prob- 


ing existence. 
able, that the cephalopods with helicoid 
shells were persistently benthonic forms, 
there is no inherently compelling evidence 
that permits one to say whether the prob- 
able association represents adaptive re- 
sponse to a particular mode of existence or 
whether the helical coil came first, with the 
creeping habit as a consequent acquisition 
Nor can the possibility be eliminated that 
cause and effect may have been reversed 


hetween different cephalopods that ac 


quired helicoid shells at different times. 
Here, indeed, is a problem requiring fur 
ther study from large suites of specimens 
with the proper range in time and with 
On d paleoe colog 

\lthough I prefer to apply 
the term homeomorphy only to general re 


ic controls 
( Ale las Onl 
semblance of the whole external appear 
ince of distinct animals, it is comparable 
sense to the occurrence of particular 
analogous organs in distantly related ani 
mals. One does not need to be reminded 
that cephalopods have evolved an eye that 
resembles and works much on the order 
of the vertebrate eve (but with a reverse 


»pert Carpenter 


Buccinum undatum Linnaeus, Re 


Turrilites costatus Sowerby, Middle Cretaceous, 


1s beecheri Hyatt, Upper Cretaceous, pre- 
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Piate 2. Brachiopod, pelecypod, and tetracoral homeomorphs. 
(The vertical black lines represent 1 inch at natural scale. ) 


Figs. 1, 5, 9. Brachiopods. Scacchinella gigantea Shellwien, Permian, Hess fm., Decie 
Ranch, Glass Mtns., Texas (loc. 46-34). Prorichthofenia permiana (Shumard), Permian, 
Leonard fm., road to Old Word Ranch, Glass Mtns., Texas (loc. 46-27). “Prorichthofenia” 
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mechanism) and is presumably related to 
an active predatory existence. It is well 
known that in the case of some of the her- 
mit crabs one or two claws have become 
modified into the shape of an operculum, 
so that when they retreat into the aban- 
doned gastropod shell which they inhabit 
they can block its aperture as effectively 
as the gastropod did with its operculum. 
Such features are clearly adaptive, and we 
may fairly suppose, I think, that, difficult 
as it may be to prove in extinct inverte- 
brate stocks, homeomorphy commonly re- 
sults from comparable processes. 

It seems reasonable to conclude that 
homeomorphy has probably resulted more 
commonly from adaptive convergence or 
from parallel evolution under similar selec- 
tive conditions of stocks of similar heredi- 
tary background than from fortuitous re- 
semblance. Clearly adaptive convergence 
is but one aspect of the operative prin- 
ciples of natural selection, and the repeated 
instances of probable adaptive convergence 
in many different stocks of animals at 
many different times are indicative of 
thoroughgoing selective effects. 


PAEDOMORPHOSIS 


Preliminary discussion. Paedomorpho- 
sis refers to phylogenetic divergence from 
some relatively early stage within an onto- 
genetic cycle such as had previously !ed to 
different end results. 
haps one of the most important in evolu- 
tionary theory, for paedomorphosis may 
well be the mechanism that produced or 
contributed to the production of the seem- 
ingly bridgeless gaps between some major 
systematic categories. It is, in a sense, 
a way of building new organisms from 


This concept is per- 


uddem (Bose) King pars, Permian, top of Leonard fm., 


Texas (loc. 46-31). 


Figs. 2, 6. Pelecypods. 


Chico series, Todos Santos Bay, Lower California, Mexico 
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old foundations, and of building them by 
few enough steps and over short enough 
periods of time that transitional stages are 
thus paleontological rarities. 

The term paedomorphosis was appar- 
ently coined by Garstang in 1922 (p. 100), 
but the general concept involved is an old 
one, having been formulated at least as 
early as 1864 by F. Muller (fide Hyman, 
1940, p. 273). I have not studied in de- 
tail the complicated history of the termi- 
nology involved in this concept, but paedo- 
morphosis appears to have been used (e.g. 
Garstang, 1928, p. 62, 134; de Beer, 1940, 
p. 29, 78 et seq.) to mean more nearly 
what I have in mind to write of than other 
terms familiar to me (for neoteny, see be- 
low; for coenogenesis, see Hyman, 1940, 
p. 276, 274, 273). Having accepted the 
word, the nuances of its past usage will 
not be debated, other than to comment 
briefly on the employment of the word 
“simplification” in Garstang’s definition of 
1928. Although there may be a simphi- 
fication in early stages of the process the 
end result of paedomorphosis is theoreti- 
cally a reconstitution of adult stages, which 
may or may not be simplification. 

Paedomorphosis, as I shall employ the 
term, refers to the situation where phylo- 
genetic progression has resulted from the 
onset of persistent phenotypic (thus geno- 
typic) novelties relatively early in_ the 
ontogeny of ancestral radicles. In in- 
stances of paedomorphic evolution, if it 
has not progressed too far, the adult rep- 
resentatives of descendant populations may 
he expected to resemble in important de- 
tails the young stages found among an- 
cestral populations. This results from the 
persistence into the adult stages of the 
descendants of features that characterized 


Old Word Ranch, Glass Mtns.., 


Coralliochama orcutti White, Upper Cretaceous, lower part of 


Hippur ites radios ¢ Desm , 


Upper Cretaceous, Senonian, Lameriac, Dordogne, France (HSSC-1433) 


Figs. 3-4, 7, 8. Tetracorals. Calceola 


many (HSPC-379). 


ton group, Moscow, New York (HSPC-388). 
Hess Canyon, Glass Mtns., Texas (loc. 46-24). 


sandalina 
Heliophyllum halli Edwards and Haime, Middle Devonian, Hamil- 


(Linnaeus), Middle Devonian, Ger- 


Valanophyllum sp., Permian, Word fm., 











































332 PRESTON E. CLOUD, JR. 


























PLate 3. Brachiopods. Ostrea. 
(The vertical black line represents 1 inch at natural size.) 


Figs. 1, 2-3. Brachiopods. Leptodus sp., exterior of pedicle valve. Leptodus ameri- 
, i I I 
canus Girty, exterior of pedicle valve and cluster of three pedicle valves from interior 
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youthful or early ontogenetic stages of the 
root stock. 

Paedomorphosis, in the sense here em- 
ployed, may be thought of as including 
three interrelated things. The onset of 
persistent phenotypic novelties in early 
ntogenetic stages could result from iter- 
calation (theoretically produced by a con- 
cordant series of gene mutations), with 
later ontogenetic stages retained but mod 
fied in the descendant population., Or 
more marked effects could result from dis- 
placement, wherein the later ontogenetic 
that characterized the ancestral 
radicle give way to a different late onto- 


gentic succession in the descendant 


7 
hi 


stages 


stock. 
[he persistence into a succession of de- 
scendant adult populations of features that 
characterized early ontogenetic stages of 
the ancestral group seems best described 
is phylogenetic neoteny. 

These three factors—intercalation, phy- 
logenetic neoteny, and displacement—are 
probably interrelated in the production of 
most paedomorphic trends of persistent 
phylogenetic significance., Clearly inter- 


calation cannot lead to displacement, nor 


can displacement very well occur inde- 
pendently, without the interposition of 


neotenous tendencies, But in theory the 
latter may and in some instances probably 
do go so far as to wipe out traces of their 
action. Such could leave “un- 
bridgeable gaps” in phylogeny. The sense 


effects 


of intercalation and displacement are clear, 
but phylogenetic neoteny requires further 
comment. 

Neoteny * in the broad sense of de Beer 


‘First described in the Mexican newt Am- 


lystoma by the German zoologist Kollman 
(1882, p. 391). Paedogenesis, epistasy, pri 
terogenesis, and foetalization are _ essentially 
synonymous with neoteny in the sense of de 


Beer, or at least produce similar results, and 
the shades of implication mean little to a pale- 
ontologist. Partial been called 


merostasis by Schultze (see Stérmer, 1942, p 


has 


neoteny 


(ladder-like brachial valves missing ) 

Mtns., Texas. 
Fig. 4. Ostrea 

Charles River, Cambridge, Mass 


virgimica Gmelin. Exterior 
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(1940, p. 46) implies “a relative retarda- 
tion in the development of the body itself 
as compared with the repgoductive glands, 
so that the body does not run through so 
many stages in development in the ontog- 
eny of the descendant as it did in that of 


the ancestor. 


In this sense neoteny may | 


result from acceleration of sexual maturity 


(strictly paedogenesis) or retardation of 


somatic growth | strictly neoteny ), and the 
somatic effects may apparently be either 
complete or only partial, To be effective 
teny must be carried far 


in evolution ne 


enough to result in the persistence into the 
f the descendant population 


adult Stage ol 
r f vouthful 


that characterized \ 
e ancestral radicle.. It is thus 
li f r continued and 


with an implication of long 


commonly only 1 


ot teatures 


stages of tl 


artial racial-neoteny that 


the expression phylogenetic neoteny is 
used. The concept of variations in the rate 
of gene action or rate-genes (elaborated 


1+ 7 


ldschmidt. de ot 


of this 


' Beer, Huxley) is, 
course, helpful to an appreciation 
mechanism 

In discussion it is difficult to maintain 


consistent distinction between paedomor- 


phosis and phylogenetic neoteny, for the 

latter is a part of and probably has in 

most instances a Causal Yor concomitant 

relation to the former, Thus, in theory, 
1 


paedomorp! 
neoteny followed by divergence (Darwin, 
Haas and Simpson, 


Osis may result from complete 


) 
ow ) ‘ r tc ] 


LIS8&3. p. 


1946, p. 330) 


partial neotenv (merostasis) accompanied 


through displacement, or by 
by intercalation and perhaps eventual dis- 
by phylogenetic neoteny 
From this it that 


paedo 
morphosis may be and commonly ts pro 


placement, or 
alone. is seen 
eressive or additive, in some respects af 
least, whereas neoteny is strictly regres- 
sive; and such phylogenetic effects as re 
speculation a similar 
to paleontologists as 


153), and in phylogenetic 
concept has been known 
irrested development. 


*ermian. Leonard fm., Split Tank, Glass 


valve Recent or late Pleistocene, 


_— 
+ mont 
. ~ * 
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sult from neoteny alone will be regressive 
effects. 

Apart from its larger implications the 
concept of phylogenetic neoteny is help- 
ful in understanding some instances of 
apparent retrogression in evolution. The 
principle of irreversibility of evolution, or 
Dollo’s law,” is familiar to all, and it ap- 
pears to be a fact that evolution rarely 
floes backtrack in an established line of 
descent. But there are striking exceptions 
to this principle, and these may be exam- 
ples of phylogenetically neotenous develop 
ment of the particular structures involved, 
leading via divergence to paedomorphic 
results. 

Instances that may represent paedomor- 
phosis resulting from phylogenetic neoteny 
and divergence are to be found in the evo- 
lution of those early arthropods known as 
trilobites, and in the evolution of the stony 
hexacorals from Paleozoic ancestors. 

Trilolita. As regards the trilobites it 
has long been a puzzle to account for the 
fact that certain members of the group 
that appeared first in geologic time went 
in their ontogeny through a stage similar 
to that in which many later trilobites re- 
mained throughout their adult life, In 
this stage the facial sutures or “moulting 
lines” on the upper side of the head shield 
run out to the sides of the head in front 
of the genal angles, or cheek spines, if the 
latter are present. 
parian stage—referring to the fact that 
the moulting lines cut the front of the 
cheeks. The adults of the majority of 
Cambrian trilobites 
that cut the cheeks on the back of the neck 
called opisthoparian 
(proparian trilobites are known as far 
hack as Early Cambrian but were rare be- 
fore Late Cambrian, and the oldest known 
trilobites are opisthoparian ). 


This is called the pro 


had moulting lines 


and are therefore 


Now it has been shown by Poulsen in 


1923, Strand in 1927, and Lalicker in 
1935 (see Stubblefield, 1936, p. 427; 
Stormer, 1942) that the opisthoparian 


trilobites Peltura scarabaeoides, Sao hir- 
suta, Olenus gibbosus, Liostracus linnar- 


som, and Blainia 


gregaria develop 
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through a transient proparian condition on 
their way to opisthoparian adulthood. The 
proparian trilobites attain the proparian 
state directly and retain it throughout life. 
It has, thus, been suggested that the facts 
of trilobite development are best explained 
“by looking upon adult proparians as per- 
manently neotenous opisthoparians,” prob- 
ably a composite group resulting from the 
occurrence at diffeernt times of neotenous 
tendencies among the trilobites (Stubble- 
field, 1936, p. 431). Moreover, Stubble- 
field (1936, p. 430) notes that as early 
as 1909 Jaekel advanced the hypothesis 
of “arrested development or paedogenesis 
to explain the seen 

in the facial sutureless the 
families Agnostidae and Eodiscidae ( Hy 
poparian),” where “the trilobite is ap- 
parently adult when only a very small 
number of thoracic segments are formed” 
-a logical conclusion so far as the known 
concerned. 


condition 
members of 


facts of trilobite ontogeny are 
These examples of probable phylogenetic 
neoteny among the trilobites give support 
to the view that paedomorphosis was a 
significant modus operandi in trilobite 
evolution and that, as has been recognized 
by a number of modern specialists on this 
group, neither the Proparia nor the Hy- 
poparia can be regarded as valid “natural 
Orders” in the sense of having a mono- 
phyletic origin, Evidently these are but 
stages of development or morphological 
grades—both paedomorphically attained at 
different times in trilobite evolution. 

Although Stgrmer (1942) accepts, with 
emendation, the formerly conventional 
ordinal arrangement of the trilobites, he 
recognizes the composite nature of the ar 
rangement and writes of trilobite evolu- 
tion as exemplifying partial neoteny or 
merostasis and illustrating (p. 157) “the 
principle of evolution (paedomorphosis as 
emphasized by Schindewolf, 1936) accord- 
ing to which a new character appears in 
the early larval stages and is established 
in the adult only in later forms.” 

Stony Hexacorallia. Another example 
of invertebrate evolution that might rep- 
resent paedomorphosis is found in the 
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seemingly sudden appearance early in the 
Mesozoic (Middle Triassic) of the ston, 
hexacorals or Scleractinia. 

It is necessary, however, to precede the 
discussion with a few explanatory re- 
marks. It adheres to the classification of 
the Hexacorallia as given by Hyman 

1940, p. 371-372) except that I follow 
Vaughan and Wells (1943) in designating 
is Scleractinia the corals referred to the 
Order Madreporaria by Hyman. In keep- 
ing with the formerly conventional usage 

f zoologists and the established usage of 
aleontologists, the calcareous vertical par- 
titions of the coral exoskeleton are here 
‘alled septa (sclerosepta of Hyman, 1940, 

633) and the fleshy interseptal parti- 

tions are referred to as mesenteries (septa 

f Hyman, 1940, p. 539, 603). Relation- 
hip of certain members of the Schizo- 
corallia (see Shimer and Shrock, 1944, p 
101-103) to the problem discussed is a 
possibility, seemingly remote at present 
writing, that should be gone into when re 
lationships, ontogenies, and ranges within 
this probably composite group are better 
understood than at present. The Silurian 
“schizocoral” Lyellia has 12 septa, to be 
sure, but determination of its symmetry 
awaits ontogenetic study, and it may itseli 
have been a sterile paedomorphic offshoot 
from some tabulate tetracoral (the Middle 
Silurian Cyathophyllum? illustrated by 
Carruthers, 1906, Pl. 9, fig. 7, shows al 
most perfect hexameral symmetry in an 
early ontogenetic stage). In any event 
transitional stages to stony hexacorals 
should be late Paleozoic or earliest Meso- 
zoic (which Silurian is not) and show re 
duction of tabulae (which Lyellia and 
other “schizocorals” do not but many 
tetracorals do). 

Finally it is to be remarked that a pale 
ontologist is apt to think of the order 
Scleractinia as practically synonymous 
with the subclass Hexacorallia (only the 
Scleractinia and perhaps the Actinia are 
known as fossils) and that most of the 
earlier discussion of hexacoral origin has 
gone on the tacit assumption that this 
would be understood. The Hexacorallia 





as recognized are a diverse enough group 
(see Hyman, 1940, p. 640 and preceding ) 
that it is well to emphasize that the present 
discussion is concerned primarily with 
those that secrete calcareous exoskeletons 
the stony hexacorals or Scleractinia. 
Now although most of these corals are 
colonial and secrete calcareous exoskele- 
tons of complex structure, they habitually 
beg 
of 1 
secretion of six primary vertical partitions, 
or septa, radially arranged (schematically 
shown by fig. 3-B, from Duerden, 1904, 
p. 81). The regular sorts ideally add new 
vertical partitions or septa in nearly but 
not exactly cyclical multiples of six (fig. 
3-C; see also Duerden, 1904; Vaughan 
and Wells, 1943), secreted by the epi- 
dermis (ectoderm) within intermesenter- 


n skeletal growth from the basal disc 
he first individual corallite with the 


ial inward and upward infolds of the en- 
tire body wall. The fleshy vertical mesen- 
teries themselves, of course, are infolds 
of gastrodermis (endoderm) and cellular 
mesoglea only, but they too are typically 
arranged in multiples of six (“more 

1 then secondarily,” pentameral, 
heptameral, or octameral; Vaughan and 
Wells, 1943, p. 100). All of the modern 
reet-building corals belong to the stony 


rarely, an 


hexacorals, although only a few of the 
living ones are simple cup-like or conical 
TOTTNS 

[o follow the record into the past, it 


appears that the oldest stony hexacorals 
known with certainty (Middle Triassic, 
see Vaughan and Wells, 1943, p. 69) also 
add their septa in sextants, essentially as 
do the Recent ones. But, preceding them 
in time and ranging through the Paleozoic 
from the Middle Ordovician on, the sorts 
of corals that are most like them in other 
respects, the tetracorals (known only from 
their calcareous skeletons), add_ their 
septa in quadrants. 

Remarkably enough, however, the tet 
racorals early in their ontogeny acquire 
six primary septa, essentially as do the 
stony hexacorals—not all at once but as 
in figures A to D of Plate 4 (after Car- 

9 


ruthers, 1906, p. 359, Diagram A, PI. 9) 
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PLA 4+. Sequence of septa in a solitary Tetracoral 

Figs. A-D, A’-D’. Development of the primary or protosepta (1l-cardinal septum, 1’ 
counter septum, 2-alar septa, 3-counter lateral septa). 

Figs. E-E’, F, G. Development of the secondary or metasepta 

Figs. A’-E’. Transverse thin-sections of Hapsiphyllum phillipsi (Edwards and Haime), 
Carboniferous, Scotland. Magnification of A’ is * 32, B’-E’ are K 28. From R. G. Car 
ruthers, 1906, Pl. 9. 
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\fter the three primary pairs of septa are 
established in their hexameral disposition 
there is a pause in septal insertion; and, 
immediately following this 
pause, septa 1 and 1’, heretofore united, 
become distinct. Following the initial 
pause in septal insertion the third primary 
septal pair is, in effect, shifted toward 
septum 1’, and septa (a, b, c; a’, b’, c’) 
re added between the primary septal pairs 
marked 3 and 2, and between pair 2 and 
septum | in regular succession from pair 
3 and pair 2 toward 1, in quadrants. No 
inserted in the segments at first 


luring or 


" t.- . as) 
epta aft 


efined by septum 1’ and the septal pair 
arked 3; and, with development, pair 3 
mes to he closely adjacent to septum i 


) 


these segments may be considered to 
have become abottéd. “Rv-G:. 


. whom we owe the best 


Carruthers, 
account of septal 
succession in the tetracorals, convincing] 
| by photographs of thin sec- 
all the tet- 


Se] ta were 


cumented 
tions (see Pl. 4), states that in 
racorals examined by him “the 
found to appear in the 
manner in both early and late Paleozoic 
1906, p. Pe- 
culiarities in the septal pattern of the tet- 
racorals are found in the temporary con- 
tinuity of the initial septal pair (1, the car- 


same order and 


forms” (Carruthers. 358) 


dinal septum; 1’ the counter septum) and 
the fact that the secondary septa impinge 
basally on pair 2 (the alar septa) and sep- 
tum 1 in apparently all tetracorals, and 
on pair 3 (the counter-lateral 
septa) and pair 2 in many. Septal im- 


distally 


pingement of a different sort, however, is 


seen in certain stages of development of 


(Duerden, 1904, figs. 


stony hexacorals 
4-7, 9, pp. 85-90). 
If one adheres to concepts of Haeckelian 
recapitulation or actual irreversibility of 
evolution the relation between the stony 
exacorals and tetracorals is indeed per- 
plexing. Under such views the hexa 
corals should be the ancestors, or at least 


A-G. From Carruthers, 1906, 


Figs. 


photographs. 


dle Silurian (Wenlock) Cyathophyllum (? 
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Diagram A (p. 
not alleged to be based on any particular tetracoral, but here 
[In addition to specimens here refigured, Carruthers also illustrates a Mid 
1 stage D 
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hexacorals and tetracorals should 
have sprung from a common ancestor. 
Hope of rationalization came in 1912 with 
H. L. Clark’s (Science) suggestion that 
one of the soft-bodied organisms, Macken- 
the well-known Middle Cam- 
Burgess shale of the Canadian 
sritish Columbia might be a 
Further study of 
Mackenzia by A. 


5 | 7 
potn 


trom 
brian 


Zia, 


Rockies in 
naked anthozoan polyp. 
the same specimens of 
L. Clark led him to the much bolder con- 
clusion that it is so similar in visible details 
to the living naked anthozoan Edwardsia 
(A. H. Clark, 1913, p. 507) that “it 
seems necessary to assign it to a posi- 
the Family Edwardsiidae” (re- 
ferred to the 


tion in 
actinian hexacorals). 

\s a consequence, in 1921, P. E. Ray- 
mond advocated the view that the com- 
mon al of both hexacorals and tet- 
racorals were Edwardsia-like actinians 
scleractinian comple- 


cestors 


(Ww ] rimary 
ment of eight mesenteries), such as might 
ther retically be represented by M wkenzi. 


\ccording to this hypothesis the tetra- 


corals diverged from the ancestral stock 
and adopted the habit of lime-secretion 
early in the Paleozoic (the oldest known 
tetracorals are Middle Ordovician). Then, 


having become adapted to an environment 


of warm waters. thev were killed off as a 
+ f lee +1 


result a hypothe 


peratures at the en 


tical lowering of tem- 
d of the Paleozoic. At 
Vack- 


| descendants of 
in cooler 


this time the naked 
enzia, having bided the while 
waters, were able to spread widely; and, 
when the waters warmed up again in the 
Middle offshoots from 
the habit of 


lime-secreti nm 


Triassic, certain 
the 


hexamerally 


Sti ck tor Kk up 


and 
symmetrical scleractinians (stony hexa 


actinian 
became 


corals ). 

Raymond’s position regarding the hy- 
pothesis of divergence of hexacorals and 
ancestor was 


Me re- 


tetracorals from a common 


put and well defended. 


senll 
PICAlly 


Drawings schematic and 


paired with corresponding 


359) 


(his Pl. 9, fig. 7) 
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Fic. 3. Septal patterns in tetracorals and stony hexacorals. 


A. Sketch of a generalized solitary scleractinian (stony hexacoral) to show hexameral 
arrangement of septa and subparallel arrangement of exothecal costae. 

B, C. Schematic representation of transverse sections of first and second cycle septa in 
the scleractinian Siderastrea radians Pallas, after J]. E. Duerden (1904, figs. 1, 2). The 
black spindles represent septa; the straight lines are mesenteries, hatched on the muscular 
side; the central portion is the gullet. 

D. Sketch of a generalized tetracoral to show tetrameral arrangement of septa and pin- 
nate convergence of exothecal sulci on alar (2) and cardinal (1) septa. It is normal for 
septa to be missing at x and x’. 

EK. Polycoelia angusta Rothpletz, < 6, Permian, Basleo, Timor (transverse section after 
Gerth, 1921, fig. 10). Although Gerth remarks on the radial arrangement of the septa in 
this coral he does not indicate the position of the counter-lateral septa. Apparently they 
are the fourth or second removed from 1’ (the counter septum). 

F. Plerophyllum timorense Gerth, X 2, Permian, Basleo, Timor (transverse section after 
Gerth, 1921, fig. 7). Short tertiary septa are here inserted between the counter (1') and 
counter-lateral (3) septa. 

G. Representation of the septal arrangement of a Permian tetracoral from Timor (pre- 
sumably Plerophyllum) showing tertiary septa (x, x’) between counter (1') and counter- 
lateral (3) septa (after Gerth, 1921, fig. 11). 

H, I, J. Idealized series of septal patterns suggestive of stages in a phylogenetic se- 
quence from a late tetracoral (H = Hapsiphyllum, Carboniferous) through an early sclerac- 
tinian (I = Hexastraea, Triassic) to a typical scleractinian (J = Parasmilia, Cretaceous). 
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over, Hyman (1940, p. 639) agrees that 
“the universal occurrence” in the zoan- 
thidean-actinarian-scleractinian line of “an 
E-dwardsia stage” indicates as ancestral to 
it a small weak anthozoan with eight com- 
plete mesenteries arising in successive 
couples (a common idea among zoolo- 
gists). She also shows (p. 640, fig. 208) 
the tetracorals on a different line, deriv- 
ing from an antipatharian ancestor and re- 
lated to the Alcyonaria and Ceriantharia. 

sut Hyman (p. 623) also considers that 
the mesenterial arrangement of the Zoan- 
thidea (of her zoanthid-actinarian-scler- 
actinian line), although different from 
other living anthozoans, “somewhat re- 
sembles that of the extinct Tetracoralla.” 
And, with reference to Raymond’s discus- 
sion, it is to be remarked that whereas the 
lowering of temperatures at the end of the 
Paleozoic is referred to early Permian 
(or Pennsylvanian?) glaciation, there 
were late Permian tetracorals; that the 
presumably stenothermal reptiles were not 
affected by the postulated climatic changes 
at the end of the Paleozoic (Romer, 1945, 
p. 534); and that Pleistocene glaciation 
did not wipe out modern stony corals 
(although it doubtless curtailed their 
range ). 

As a logical alternative to the hypothesis 
of divergence of stony hexacorals and 
tetracorals from a common ancestor one 
may consider the possibility of direct de- 
scent of the stony hexacorals from tetra- 
corals. 

The hypothesis of direct descent of the 
stony hexacorals from tetracorals is sup- 
ported by evidence of paedomorphic tend- 
encies in at least four genera of late Paleo- 
zoic tetracorals. The observations that 
lead toward this inference began with the 
discovery by Gerth (1921, p. 87-94, 140- 
142) that, among the Permian tetracorals 
of Timor, certain representatives of the 
venera Polycogha and Plerophyllum (fig. 


3; E, F, G) displayed the unusual feature 
of having one to several later-cycle septa 
inserted between the counter (1’) and 
counter lateral (3) septa in the formerly 
aborted sextants. The hexameral sym- 
metry of Polycoelia was said by Gerth to 
be so well advanced that it differs from 
modern stony hexacorals primarily in that 
its septa are inserted as successively ap- 
pearing pairs as opposed to the more 
nearly cyclical septal insertion of the lat- 
ter,® resulting in the pinnate arrangement 
of the septa, and in the occurrence on the 
exotheca of septal grooves in place of sep- 
tal ridges (fig. 3; A, D). Subsequent il- 
luminating studies by Schindewolf (1930, 
see especially figs. 12-13, 15) have re- 
vealed the occurrence of tertiary septa be- 
tween the counter (1’) and counter-lateral 
(3) septa in Hapsiphyllum konincki from 
the Lower Carboniferous at Tournai, 
Belgium, and in Lophophyllidium pro- 
liferum from the Upper Pennsylvanian 
Virgil series at Howard, Kansas. 

Thus paedomorphic tendencies are sug 
vested in the latest Paleozoic tetracorals. 
Certainly the structure of Polycoelia, 
Plerophyllum, Hapsiphyllum, and Lopho- 
phyllidium, as interpreted by Gerth and 
Schindewolf, shows relative prolongment 
in ontogeny of the primary hexamerism ot 
septal arrangement, permitting later cycle 
septa to appear in the formerly aborted 
segments, and this amounts to phvyloge 
netic neoteny as I understand it. 

\s, moreover, the tetracoral stock ap- 
parently disappeared at the end of the 
Paleozoic ; to be supplanted in the Middle 


Duerden, 1904, p. 88, points out that in the 
hexacorals “Beyond the primary cycle of six 
entosepta, which always appear simultaneously 
there is a decided dorso-ventrality in the se 
quence ot the septa of each cycle, which for the 
most part gives a marked bilateral symmetry 
to the corallum.” And, of course, the directive 
mesenteries show the hexacoral polyp to De 
bilaterally symmetrical from the beginning 


The heavy radial lines represent the primary or protosepta in all three diagrams. The se 
quence is based on the septal arrangements actually seen in species of the genera named 


and is taken from O. H. Schindewolf, 1930, p. 246, figs. 42-44 
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Triassic, if not earlier, by stony hexa- 
corals; it is logical to surmise that this 
situation may have been brought about 
by paedomorphosis. Further evidence in 
support of this supposition resides in the 
observation by Schindewolf (1930, p 
245-246, 255) that certain of the Triassic 
hexacorals (e.g. Hexastraea) have an im- 
perfectly hexameral septal arrangement 
reminiscent of the septal pattern of the 
late Paleozoic tetracorals mentioned above. 
Schindewolf, himself, considers the hexa- 
corals to have derived from the tetracorals 
by transition and acceleration ( Entwick- 
lungsbeschleunigung ) ; and Kuhn, basing 
conclusions on the work of Schindewolf 
and holds 
opinions on the subject. 
p. 21) states: “Im Perm 
der Hexacorallentypus 
(Omphalophyllia). Die 
hat noch einige echte Nachzugler der Ru- 
Die Hex- 
acorallen wurzeln in den Tetracorallen.” 

Although I would like to believe Kuhn’s 


definite 
(1939, 


others, more 


Kuhn 


even 


schon hier 
erreicht wird 
mittlere Trias 


gosen (Tetracoralla) geliefert. 


assertions, the evidence available to me is 
not so conclusive. It is true that Om- 
phalophyllia (= Conophyllia), to which 
Kuhn refers, is indeed a stony hexacoral 
and is in fact reported from the Permian 
of Timor by Koker (Lang, Smith and 
Thomas, 1940, p. 90). But Dr. Otto 
Haas, who has checked this reference for 
me, reports (letter to Dr. Ernst Mayr, 
June 9, 1948 )that ““Koker says that she 
is not quite sure about the genus” and that 
she gives no illustration of septal arrange- 
ment (neither Koker’s paper nor Schinde- 
wolf’s papers from 1940° on are available 
to me on the eve of a prolonged absence 
from the country). Moreover, Vaughan 
and Wells (1943), in their splendidly 
comprehensive monograph of the Sclerac- 
tinia, make no mention of Koker’s report, 
stating on page 69 of their book that “re- 
mains of scleractinians have not yet been 


6 E.g. Schindewolf, O. H. 1940. “Konver- 
genzen” bei Korallen und bei Ammoneen. 
Fortschr. Geol. Palaont., 12, Heft 41: 389- 
492— Fd. 
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found in rocks older than Middle Trias- 


‘°° 
. 


sic. 

To revert now to Schindewolf’s hypoth- 
transition through acceleration; 
the question is what was 
Clearly both tetracorals and 
corals went through an ontogeny to reach 
the adult stage, and septal insertion in 


esis of 
accelerated ? 
stony hexa 


both was a more or less continuous proc- 
ess—probably more nearly continuous in 
tetracorals than in the 
What one might more logically inter to 
have happened, assuming that the stony 


scleractinians. 


hexacorals were derived from the tetra- 
corals, is that shifting or “migration” of the 
counter-lateral septa (3) from their po- 
sition at stage D of Plate 4 was progres- 
sively retarded and finally did not occur 
at all. A consideration of figures D to 
G on Plate 4 shows that in tetracorals the 
counter-lateral 
pinge upon, or migrate toward, the counter 
septum (1’), following the pause in devel- 
opment that represents termination of the 


septa (3) come to 1m- 


primary cycle. In theory they crowd the 
counter septum (1) so that later-cycle 
In the 
typical stony hexacorals the primary septa 
are static in orientation from the moment 
of their (1930) 
shows this situation diagrammatically in 
his figures 42-44 (his top row of diagrams, 
not here reproduced because sufficiently 
indicated by positions of primary septa in 


septa do not form between them. 


origin. Schindewolf 


+ 


3; H, I, J), indicating the late-transi- 
tional nature of the Triassic scleractinian 


noe 
ily. 


Hexastraea by representing a partial mi- 
gration of septa that would correspond to 
the counter-laterals of 
I infer that “Entwicklungsbeschleunigung” 
was simply an inadvertent choice of terms. 
Retardation is more to the point than ac- 
celeration, and the example appears to 
represent paedomorphosis brought about 
by partial phylogenetic neoteny, and inter- 
calation of the other features that distin- 
guish adult stony hexacorals. 

Discovery and study of Lower Triassic 
corals could, of course, have important 
hearing on the whole problem of origin 
f the stony hexacorals; and the speci- 


a tetracoral, and 

















EVOLI TION IN ki SS] 
lens on which Koker basea her report 
Conophyllia (“Omphalophyllia” pri- 
ula Koker) in the Permian should be 
It is 


record is potentially 


ritically reconsidered. 


that this 


not a criti 


‘ism to say 
too significant to be accepted at second 
the author herself in doubt 
Meanwhile the hypothesis 


with 


and and 

its validity. 

- direct descent Of stony hexacorals from 

tetracorals is supported not only by evi 


ence of phy logenetically neotenous tend n 


encies in the latest Paleozoic tetracorals 


de Beer. 1940, p. 46, incidentally notes \ 


that ripe germ-cells have been found 
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meal under 
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for certain 
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furnishes a compellingly plausible 
the 


ider concept Ol 


of accounting not only 


er groups as well 
scl indewolt 1936) 


puzzling features in the evolu 
history of trilobites and corals, but 


For imstance. 


] . —-. . ] 
has furnished 


stances apparently paedomorphic evo 
iti mong cephalopods and torami 

e! Garstang (1922, p. 94, foot 
ote suggests that blastoids and some 


ma paedogenetic 
With regard to the 


rtainly 


7 
atte 


true tf 


, 
cCTrinoids 
’ 


r suggestion, al 


iat the 


arval stages of living actinians), but by ri¢ pearance of the basic cystoid stock 
the relafivé positions iff time of the tw s currently understood, precludes the pos 
groups, and by the seemingly late-trans: sibil f derivation from crinoids for run 
ional septal growth-patterns of certai t-the-mill cystoid types, some the 
[riassic hexacorals. eculiar post-Devonian “cystoids” mig! 
\dmitting that the alternative hypothe ictua e neotenous or “deve erate cr} 
- 7 : | | ‘ ’ 
SIs oO! independent aescent as attractive ray 11 le Keer 1904 cites nu 
‘ Pa et +1 > 7 &- > — ] of — ] . | ’ 
eatures, the only positive evidence evoke merous instances possible paedomor 
it, the presence of Mackenczia, is as cor NOSIS hylogenetic neoteny, including 
<isten rat} 7) lav 1, PCTS ~ +}, > oth + ‘ - . —y . 
ent witl e hypothesis as the other e evolution of man himself. (from Bolk, 
al ae +] ci es 
Cc t] eC KNOW CGUS(TIDUTIOI () e CoTa P Beer. 1940. 1] ) y 
oes in time requires it to assume tl al paedomorbhosis \ situa 
L1S¢ ot lime-secretior y tiie eCXa Ol —f problematical relationship to the 
. o> | — ‘ lian hee . ~arl 
corals must have essentia om r 
- i ( . Comciae questior naedomorpl osis found im 
with disappearance of the _ tetracora —_ C oct _f 
me a ta he tact that the first-forme ecae ol 
ven betore Gerths discoveries’ there 1: 
some ces monograptid graptolites 
were cogent arguments in favor lirect ; ; 
, . , ' .¢ Cri s ndications ol trends of 
lerivation ot stony hexacorals from tetra — = 
‘ ‘ if ' +} 7 weore»hic r ; 
. is : eCCa i ( l l eoretic lly cic 
‘Oorals, arguments that were effectively :; , ' . ' 
a. ¢ = a aa scr o s had advanced toward 
summarized by W. |. Robinson in 1917 , - _ 
Minar , ’ stal thecae (Bulman, 1933, p. 
In a paper that also reviews and cites im 
; : 314, hg. | De Be egards this as ex 
portant work not here discussed (sec als ; 
" . . . 2 @€llil Irving eoTeny 11 I Css Cal 
Schindewolf, 1930). The present discus . 
i ? 7 
: at ee , , ( nsidered an example eoteny only 
sion contends that the concept of paed 
] | 
. - . ‘ ) Tr ePcoreric 1) > ; » “11? 
morphosis, supported by evidence from thi SS ee ier 
| : — 
2 " 2 . N ce Th —7 “ces . > ‘ion Sc BE FT > units 
fossil record. prov ides a promisit e al ~ { { uccessive colonte a e ul 
proach and perhaps the explanatio1 yiogeny the phenomenon Ispiayea 
this old dilemma in phylogeny May be tougnt of as one of intercalatior 
s . ' . ’ ’ 4 
In any event it appears that anthozoar new features in the early thecae of the 
a: cite — : - — ~~ f _ 1 "\" rr we 
classification needs revision along lines er colomies, tollowed by progressive 
. . . ‘ 1, ] _ )-" ~ ¢ lyre _—ea | ] " 7) ’ 1; 
that will more systematically relate ancient hylogenetic advance and eventual dis 
and recent representatives of this class placement of the more ancient types of 
. , ’ +], fee . - a.) -T +ia wp +1 “~¢ f 4 52 > 
Other instances tf paedomorphosis hecae in even the distal areas of the de 


Neoteny (either partial or complete) is an 


observed process in the development oi 


some recent animals. When applied ina b 


phylogenetic sense to problems in evolu 


which it 


scendant cr yf Nes, 


as a sort 


ut 12 18 a 


very 


Chis might be 


colonial 
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curious 


hought 


paedomorphosis, 


about 


situation 


vould be desirable to know much 
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more, and which may prove to 
some special designation. 

Conclusion. To the student of phylog- 
eny paedomorphosis may be a really en- 
lightening concept. Hypotheses of phylo- 
genetic advance by terminal accretion or 
overstepping (palingenesis, gerontomor- 
phosis, hypermorphosis) have never been 
able to account satisfactorily for reversal 
in evolution, or for the origin of most ma- 
jor phylogenetic lines. But geneticists 
have shown that gene mutation and new 
characteristics may appear at any stage 
in ontogeny, At the opposite extreme 
from palingenetic change one finds new 
characteristics that appear early in ontog- 
eny, and the potency -of their effects is 
probably magnified by the secondary in- 
fluences that they may have on the pheno- 
typic expression of all subsequently acting 
genetic determinants in the changed in- 
ternal environment (in a broad 
If, now, in addition, changes of the rate of 
gene action result in retardation of ex- 
pression of former late ontogenetic fac- 
tors so that the intercalated characteristics 
can come to dominate and perhaps to dis- 
place former late ontogenetic character- 
istics, a stock may literally be rebuilt from 
the embryo up. 

This would be paedomorphosis at its 
most effective. This would be a way of 
making new orders or classes or Phyla of 
animals. Perhaps it is a reason why, even 
with the falling into disrepute of “the 
hiogenetic law,” * comparative embryology 
has continued to play so important a part 
in phylogenetic speculation. 


sense ). 


ERUPTIVE EVOLUTION 


Preliminary discussion. Eruptive evo- 
lution is the expression here employed to 
refer to a relatively sudden breaking out 

* The expression “ancestral reminiscence” 
(E. B. Wilson, 1899: Hyman, 1940, p. 276) 
appeals to me as connoting the elements of 
truth in this concept, and one may speak of a 
principle of ancestral reminiscence that claims 
suggestion of affinity between organisms that 
go through similar ontogenetic stages, without 
requiring that ontogeny be held indicative of a 
particular phylogenetic sequence. 
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of evolutionary diversification within any 
group of organisms. The term “explo- 
sive” has been used for this phenomenon ; 
but as the so-called explosions may be in 
process during millions of years and prob 
ably did not make a loud noise, it is not 
an altogether felicitous designation. Even 
where dealing with the record of half a 
billion years, something that happened in 
two or 12 million years is hardly explo- 
sive, and the word eruptive—defined by 
Webster's Dictionary as a “breaking forth 
from __restraint’—is a more expressive 
term for the phenomenon in question. 

Now it has happened commonly in the 
geologic past that certain stocks of ani- 
mals have passed through periods wherein 
they became greatly diversified, and fol- 
lowing which their descendant representa- 
much Such in- 
stances of eruptive evolution are not un- 
common in relatively new stocks before 
they became stabilized or adjusted to par- 
ticular environmental niches, but appar- 
ently they may occur at almost any time 
in the history of a group. Some stocks 
have undergone several periods of erup- 
tive evolution, each preceded and followed 
by times of lesser diversification, so that 
their phylogenetic lines appear as a set ot 
fanlike nodes, separated by linear or chan 
nel-like internodes. 

Simpson (1944, p. 88) has given a vivid 
word picture of what might transpire at 
times of eruptive evolution. 
paraphrase with but slight alteration, that 
because of excessive mutability, relaxation 
of selective pressure, onset of paedomor- 
phic tendencies or some combination of 
these, the variability of a group increases 
and the specific nature of its adaptations 
decreases. This might result in a situa- 
tion where a number of the relatively pli- 
able variants produced would find some 
advantage in particular environmental con- 
ditions differing from those of their an- 
cestral habitat, particularly if a variety of 
ecologic niches became available at the 
same time. They might then, in the course 
of time, come to radiate from the ancestral 
habitat as a number of distinct lines, any 


tives were less varied. 


Suppose, to 











rt 
nN 
a 





[N 


EVOLUTION 





proportion of which might enjoy tem 
porary success in available ecologic niches 
It is to be remembered, in this connectiot 


that an ecologic niche could be availabl 


either because it 1S empty or St sparsely or 
ineffectually Occuy ied tl at to get al ng 
it does not involve keen competition 


Situations similar to that described must 
have been produced at many times among 
+] 


rie eeologic 


he marine invertebrates of 


past. High elevation of continental masses 


on a number of occasions in the past, by 
the best of inferential evidence, resulted 
restricted shelf-seas d clin tic eX 
remes suc s are so common toda 
Such times, presumably, were ones of 
reased competition for available ecolog 
niches and probablv times of generall 
‘-hanneled evolutionary patterns among the 
marine invertebrates limes f great 
marine inundation of continents, however 
probably resulted in general climatic ame] 
oration along with the development of e: 
tensive shallow seas. Such developments 


almost surely would have led to reduced 
selective pressures and possibly aftecte: 


rates of mutation, while at the same time 
making available to the varietv of marine 
invertebrates produced a variety of new 
ecologic niches (a generally opposite re 


sponse might be postulated for land-dwell 


ing animals, although the situation would 
probably be much more complex). [The 


closest modern counterpart of the grea 


epicontinental seas of the past 1s the widely 
inundated asiatic shelf of the southwestern 
Pacific, where interspersed islands and 
lesser deeps display a variety of ecologi 
niches and a faunal variety apparently far 
exceeding that of the narrower, more nor 
mal shelf seas of the present oceans (epi 
continental seas include shelf seas at the 
margins of the continents and epeiric seas 
upon and within the continents). 

For an ideally graphic illustration of 
eruptive evolution the reader should refet 


te figure 35 of Simpson's hook “Tempo 


and mode in evolution” (1944), a dia 
gram adapted from the spread of a group 


of ungulate mammals in South America in 


Cenozoic time. This diagram is_ based 





FOSSII 





343 


on what quite evidently are much closet 
controls than those of the generally simi- 
lar pattern shown by figure 4 of the pres- 
ent paper, and Simpson’s interpretation 
of it was the initial stimulus to the prepa- 
ation of the discussion that follows 
rebrateinis~ tiated 


ustrate eruptive evolution among the 


vertebrates it 1s convenient to take the 


example furnished by the geologically 
eariest representatives group ot punc- 
; ] ¢)..} oe hy, shint ] rr  ~« 
LLC, ‘ Ca ~ ACHIODOCS KNOW! as 
‘ : , mr4 ' os 
¢ { | ll wis | f rere Tr? Tull wes made 
> “1 

( ent it 340 million yvears ago, Ill 

, ‘ he 
the e Paleozoic (Late Silu 
é minant group o 
figure 4 represents 

, : ; 
( \ ranges in time 
rel ] ] ] 

‘ : 

e ¢ ‘ ere ul! i genera ane 
the err relat ships It shows 
a . ern . -veral 

{ ‘ s¢ v¢ a 
, 1 
1 ( ] Ve ies Ti LDiVv co 
7 , , ] 
( ew Ope Yu new ecoiorK 
, : ; 
( eS ~ ) Ce S11 ( T COeCCT O1C ¢ inges 
, , , 
T f ‘ LIST IMNeé ~ 1 
+1 1 
Ki ving e ] é r less eruptive 
+] " + , lL, eon 4 3] oc ; | “ fe , 
Y Lilie cere atuioid StocK a Tew 
=~ D Baa = j ] - ] 
veneraiuzed torms arilted aiong until the 
, 7 7 


atter half of Early Devonian time. when 
ere were two closely spaced intervals of 
eruptive diversification and deployment 


This con- 


cluded the prominent eruptive phase. but 


Devonian (early Givetian or Skaneateles 


time ) a tourth though much less conspicu- 


These times 


t eruptive diversification produced a_va- 


ous eruptive node appeared. 


riety Tt aditrerent sorts of tere bratulo. Ss so 
aqaiverse¢ (nat 1 18 necessary to recognize 
. L IR . . ‘ 3 : - 
among them 28 genera, most of which in 
. ] . a é —— me "1 ; 
clude only a few spec es eacn. Che oTeat 
eSt 1 umbet Or genera in existence at any 


one tine was }? luring the ( Iriskany 


epoc! 


hia: ‘ ) eaalla av cama he 

a ~ 10 |? , ] rT? vears: ane ‘ irly 
Late Devonian time, within p 5 25 
a l] O! years trom the eginning of eruy 
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uld be included in 3 or 4 to have persisted into the channeled phas 
having much the same gen id relatively short and simple loops 


liversification 1s 


Long and complicated loops, although 


his picture of eruptive common in the genera of the major erup- 
ement of the imagination, for really tive and transitional phases, appear to be 
snificant diversity has been recognized rare among post-Middle Devonian tere- 
mong these early terebratuloids (Cloud, ratuloids. 
1942b, fig. 6). That, moreover, they may [t might be suggested as an explanation 
n fact ve been highly mutable is sug ilternative to that of eruptive evolution 
sted by the variety ot shapes loop hat the principal evolution of the tere- 
ind in what the markedly able Polisi atuloids was going on in the sheli-seas 
r jlogist Roman Kozlowski regards the continental margins, and that the ap- 
sa single species on the bast study « irent eruptive evolution resulted trom 
300 spec y transparent prep uctuations in the composition of succes- 
tions iu! da number « sively invading taunas I consider this 
Kozlowski, 1929, pp. 238 ypothesis improbable because the pattern 
243, fis } so Cloud, 1942b, pp seen 1s so like that of the eruptively evol\ 
16-1 1' } \n only slightly less ¢ endemic South American ungulate 
king degree t s to oc iunas as plotted by Simpson (1944, fig 
, . 5 e eal 33) ; the genera that were especially char 
ebratu s trom Nor \meri The cteristic of the eruptive period had tew 
m s probal lated in pat species, whereas the most generalized and 
leg itor e€ support gest persisting genus considered (Cra- 
y elements he tood-gathering appa 1) had many species; and evolution 1 
atus; but certainly in part also t ria he shelf-seas should have been more 
tion in shape and arrangem« he 1 igorously selective than in the epeiric 
ernal fleshy parts, and in any event vet seas, tending to produce normal phyletic 
uch 1 unstable in its characteristics eled patterns rather than eruptive 
n any of the er terebratuloids s atterns 
Wi Ut } j ; J ruptiz CV ution 
’ s reasonabl e spiriferean brachiopods were undet 
irly ter ituloids were oh] ried bx voing eruptive evolution at about the same 
use of excessive mutab Ww st me as the early terebratuloids, and erup 
CUTIVE sure 2 Ol diverse ve phases are to be seen In the evolution 
vener uced apparently spread widely t the productid brachiopods and other 
om the estral abodes. Following the achiopod stocks, probably including 
narked eruptiv des, and because of 1n later phases of terebratuloid evolutios 
reased competition, or for other reasons, \lthough eruption commonly occurs in the 
selective pressure apparently came mot esumably plastic early stages of new 
ffectively into play and finally only a tew stocks, 1t 1s in fact also commonly delayed 
eneral sorts of- terebratuloids were able — until well afte st appearances. Erup 
persis \Ithough we cannot direct tive evolution of the sort outlined is com 
rove uptive or selective significa m t only among the brachiopods, it 
the t ot the survivors, such an u s been witnessed in other groups of in 
ference is strongly supported not only by ertebrates as well lo particularize 
the fact that they did survive when thx ssic examples of eruptive evolution may 
thers died out, but also by the fact tha e found among the graptolites, cepha 
those that did persist were all medium-sized ods, and foraminifet ©. M. B. Bul 
to small, smooth, stoutly lenticular shells in (1933, pp. 326-329, figs. 7-9) has 
f generally simular apne ce and th emphasized the periodicity of evolutionary 
three of the four genet re know? liversification among the graptolites. and 
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eruptive patterns in the evolution of cepha- 
lopods and foraminifera are apparent from 


1 


inspection of their established fossil rec- 


ords. References to “rapid” evolution and 
short-lived branches are especially com- 
mon in publications dealing with the late 
Paleozoic foraminiferal family Fusulinidae 


(e.g. Dunbar, 1945; Dunbar and Henbest, 


1942, p. 53; Henbest in Shimer and 
Shrock, 1944, p. 19), and a partial inter 


pretive phylogenetic diagram by Dunbar 
(1940, fig. 9) indicates eruptive 
phases of fusuline evolution in early Penn 
val 
iC] 


Major 


svlvanian a1 Permian time. It 


.. 
CLaliy 
would seem that the fusulines constitut 


ideal source material for statistical study 


t an eruptive pattern. 

Inferred general pattern and sequenc: 
of eruptive evolution. The point need not 
be labored here, however, for the infer- 
able general pattern and 


tive evolution are 


cited. That pattern and sequence are i 

11 iteé be 1 ) relatively sudden ap 
earance marked variability; (2) prob- 
able availability and proximity of a variety 
ot ecologic niches; and, finally, (3) 1n- 
creased selective pressure, resulting in the 
weeding out of inadaptive or poorly adap- 
tive radicles and leading to a more regu 
larly channeled evolutionary phase he 
particular stock involved. 


Origin of the Early Cambrian fa 
Che concept of eruptiv: 


ever, may bear on a still m 


field of thought. It is well known that 
one ot the great uns xplat er cts he 
geologic record is the seemingly suddet 
ippearance of representatives of a num 


ber of the more important Phyla of ani 
mals in Cambrian time, previous to which 

Co ee , L auieent Che oun 
well authenticated es Ot al al lite are 


Two considerations come 


> ’ > 


*Raymond (1935, 1939-1947) dis 


a most illuminating manner 


this 
and 


usses 


situation 


admits as possibly represented by actual fossils 
only sponges and “worms.” The record of the 
sponge is a legend. So far as I can learn, C. 


who ever claimed 
exact where- 
“worms” are sim 


\ 


ave secn it, 


alcott is the only man 
and its present 


known. The 


Known 


jellyfish, are of the 


CLOUD, JR 
to mind in this connection: (1) The ap 


pearance of multicellular animal life in 
the Cambrian is not actually as sudden as 
look, but 


over millions or tens of millions ot 


it 1s commonly made to took 


place 
years. By interpolation in the radiogeni 
cally determined time scale it appears that 
he karly Cambrian epoch lasted about 
C4 BW) ell: elite ii: aca 1, , 
2) to 30 million years ; or roughly one two 
thousandths of the time elapsed between 
eginning of Cambrian and the present 


and one-half to three 


Villiam 


moment in time, 
1, 
i 


ourths as much time as Sir 


(Thomson once allowed for the total age 


ft the earth. Yet although marine de 
posits of Early Cambrian age occur over a 
arge part of the world, only 8 or 9 of the 
14 to 160 Phyla of animals known as fos- 
sils he larger figures obtain if the Pleo 
spongia and the Graptolithina are con 
sidered separate Phyla) are represented in 
e Lower Cambrian, and the Early Cam 
‘ian representatives of these groups are 

markedly simple or generalized types. 
2) lhe appearance of diversified multi 


‘ellular animal life in the Cambri; — 
eClilar animai ie in the ambprian may 


ctually have been almost as sudden as the 
recor suggests, an imstance of eruptive 
volution of the root stock of animal life 
s« 
lt diversification of multicellular animal 


not take place until the beginning 


he Cambrian or the latest pre-Cam 


brian there would have been essentially ni 


ompetitive pressure at this time, and vii 
tually all ecologic niches that multicelled 
| could 


inimals then 
been available 


occupy would have 
The surface waters of the 
sea at that time probably contained an 
ibundance of planktonic algae to, start the 
nutritive cycle running, for we have good 
evidence that algae had been in existence 
or a very long time before the Cambrian 
Fenton and Fenton, 1939; Raymond, 
1935, 1939; Cloud, 1942a, p. 368). Un 
ler such conditions it seems plausible to 
that, was 


started, the initial multicellular animal life 


suppose once diversification 


le trails, the nature of whose makers is un 


Other problematica, such as alleged 


most doubtful nature 
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lt, in ad 
lition, perhaps as a result of not yet sta- 


night have evolved eruptively. 


bilized sexual patterns, paedomorphic in 
fluences should have been common in the 
‘arly multicellular stocks, it 1s not too 
nuch to suppose that a diversity as marked 
is that of the Early Cambrian faunas 
might have been produced within a few 


tens of millions of years or less. 


\ somewhat comparable development 
may be found in the seemingly abrupt or 
linal diversification of the mammals early 
n the Cenozoic, following the extinction 
f the great reptilian tribes and the re 
sulting availability of a variety of ecolog1 
niches either formerly barred to the mam 
mals by reptilian occupation or nonex 
stent in fact (Romer, 1945, fig. 257, pp. 
325-326; Simpson, 1944, fig. 16, p. 106) 


Plausible alternative hypotheses so fat 


suggested are variations of the theme that 
inimal life before the Cambrian was really 


ighly diversihed, but without protective 
covering, and that animals first began to 
secrete shells at the beginning oi 
brian (inimitably reviewed by P. E. Ray 
mond, 1935, pp 5-391; 1947, pp. 33 


39). Certain questions come to mind wit! 


% 
this suggestion. [or instance, why, atte 
‘xtensive and intensive search, have au 
hentic soft-bodied pre-Cambrian animals 
nowhere been found preserved, as jellyns! 
ind delicate worm-like animals oi late 
times are at some places preserved Chis 
is by no means a fatal point, but it de 
mands consideration, and a_ hypothesis 
that gets around it, or in some logical way 
minimizes it, is stronger than one that as- 
serts that the animals were there in abun- 
dance but simply haven’t been found, or 
were ruined by metamorphism, or are 
not to be had because all known pre-Cam- 
brian sediments are non-marine (a gratui- 
tous assumption). The pre-Cambrian, 
iter all, lasted three to five times as long 
as the time elapsed since then, and un- 
metamorphosed pre-Cambrian sediments 
are not the rarity they were once supposed 


to be. Admitting that preservation of soft 


bodied organisms at any time is a rare oc 
currence, known instances of such preset 


t+; ” ; 
MOLL UO! 


itions are common enough that it 1s 
certainly remarkable that none should be 
found in the pre-Cambrian, had burials of 
an abundant and diversified fauna occur 
red in available sediments. 

Other considerations are to be faced. 
low could an arthropod like a trilobite 
have evolved the complicated system of 


| 
i 


nuscles that must have been needed to 


move its many, long, jointed appendages 


xcept concommitantly with the develop 


ment of some sort of skeleton (1n this in- 


stance an exoskeleton) to attach them to 


ind to produce leverage with? Or how 


uld a brachiopod develop its familiar 


musculature except in connection with a 


ell of some sort \nnelids, to be sure, 


manage their short parapodia quite well 
without an exoskeleton, and various other 


wormlike animals have elaborate muscle 


vstems of their own special sorts, as do 
nudibranchs and some other gastropods- 
whicl ave probably descended from 
shell-bearing ancestors Llowever, an 
inumal such as a lobite, with long ay 
endages to move, needs a leverage system 
uch as is furnished by attachment of mus 
les te test and proper apodemes, and 
voul vy not develop as such with- 
ut a shell. The muscles of a brachiopod 
ire used solely tor pening, closing, and 
shifting its valves and tor rotating on the 


’ 
} 


pedicle; and a brachiopod without a shell 


would simply have no use for his familia: 
muscles, would have nothing for them to 
lever against 1i he did have them, and 


| 


could really not be expected to be a brachi- 


; 


ypod al all Il any rec enizable sense. 
My lack of ability to encompass the vat 
i 


ious theoretical biochem 


might bear on the toregoing discussio1 
is regrettable. However, some conclu 
sions of the Irish biochemist I. |]. Con 
incidental 


wav (1945) are of more than 
in this connection. Conway 


interest 
(1945) has found a peak of over-restora 
otassium trom the ocean to shales 


7 


“in Cambrian time and probably for some 


f pre-Cambrian time” (p. 596) 
Chis he has thought to be most 


related to “the presence of organic life 


traction 


%- 
probably 































with cellular development similar to that 
now observed, but reaching relatively large 
volume only at some time in the late pre- 
Cambrian.” 

Although its causes are but inferential, 
the process of eruptive evolution is demon- 


strable, for its effects may be seen lt 
seems inescapable that the concept should 
be brought to bear on speculation concern 


ing that most puzzling of all paleonto- 
logical phenomena—the relatively sudden 


. 1 
rocks or the re- 


appearance 
multicellular animals 


mains of diversified 


\n objection to the suggestion here pro- 
, : +] Saat of ‘ 11 P me 
iosed Is the Tae it 1 Calis Tor eruptive 
1; . . men ae il ] _ ot 
aivergence at an unprecedented scale; al- 
| ‘ 
hough probably by no means such large 
steps Ss modcer;nrt mi ( CSE tatives o 
- , ) ] 7 , , 
he | la in question mig seem to ind 
at , + . weit » 4 
Lal () SOT KX T¢ } Ci »\ 
Cenozoic mammalia: lutior \lore 
. - te " Seenn 14 " 
ver, 1 any ime { s wou ive 
favorec arge-scaie eruptive ersin 
ton it ¥)- , 1] ly ] , +] 1) 
twOn, 1% May wel Ve eC SclT iit as 
or soon atter t] = first litters ntiation on 
¢ irth well-marke 1 ryDpes 7 multic Hed 
inimals 
( sidering the ivailable ( lene 
oo =. a en +1 | ! 
seems reasonabie to entertall ypot 
. shan oh Te . a. aes 
€S1S na tne diversimncatio.l ( marly 
| » ’ 
Cambrian taunas may be in large part 
av * . 1 . is) 7 : a | 
matter of eruptive evolution Probably 
there was a history of pre-Can in soft 


hodied multicelled nim ils, but under the 


concept o erupt { lepl yment il May 


have been much shorter and much less 
extensive than 1s supposed in conventional 
theory 
SUMMARY 
(his paper considers certain phases 


i 
homeomorphy, paedomorphosis, and erup 
with illustrations 
from the fossil invertel 
Homeomor phy. 


phenomenon ot 


tive evolution, drawn 
rates 


Homeomorphy is the 
general superficial re 
a 


sha 1 - 
rity 1 articulal 


1 
| 
. } 


semblance, with dissimila 


significant structural detail. ‘lhe term is 
employed only to designate similarity be 
tween the external forms of whole organ 
reaching a degree or being of a na- 


isms, 
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ture such as may mislead even a trained 
naturalist. 
ferences in both time and mode, and may 
result either from from 
parallelism. The discussion 


Homeomorphy involves dif- 


convergence or 
is illustrated 
with examples from the brachiopods, pele 
cypods, cephalopods, and corals 
Paedomorphosits. Paedomorphosis re 
fers to the situation where phylogenetic 
the 
of persistent phenotypic (thus genotypic ) 


progression has resulted trom onset 
+< ° ¢ > -! +} 

novelties relatively early in the ontogeny 

instances ot 


adult 


populations may 


yf ancestral radicles In 


paedomorphic evolution the repre 
sentatives of descendant 
important details the young 
| populations 


the 


- +7 on 

resemble 11) 
— 

stages found among ancestra 


This results from persisfence “into 


descendants of features 


idult stages of the 


that characterized youthful early ont 


genetic stages the root stock. Paedo 
morphosis includes three interrelated 


things—intercalation, displacement, and 
phylogenetic neoteny. In theory 
may go so far as to wipe 
ction 


Paedomorphosis is a way of building 


new organisms from ol undations. } It 
mav well have produced or contributed to 
he production of the seemingly bridgeless 


raps between some major systematic cate 
! The 


orade 1) ( the 
9Trades among ( 


evolution of major morpho 


Jf ries 
trilobites and 


corals is considered from the standpoint 
concluded 
of compre- 


certain anomalies in the sequence 


paedomorphosis, and it 1s 


at this concept offers a way 


t these gvrades 

Eruptive evolution. Eruptive evolution 
is the expression employed to refer to a 
sudden breaking 


relatively ng out of evolu 


tionary diversification within any group 


{ organisms. The inferred pattern and 
sequence of eruptive evolution are (1) rel 
itively sudden appearance of marked vari 
ability 
proximity of a variety of ecologic niches ; 


increased 


(2) availability and 


probable 
and finally (3) selective pres 
sure, resulting in the weeding out of in 
adaptive or poorly adaptive radicles and 
leading to a more regularly channeled evo- 














ly speculative problet 
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THE METHODS OF COMPARATIVE ANATOMY AND ITS 
CONTRIBUTION TO THE STUDY OF EVOLUTION 


Renewed interest in problems ot phyvylog Hubbs, 1944: ©. Haas and Simpso1 
| I ~ > 


] ] - . oy ‘ ] | $9 ; 1¢ ” { ‘ 
env and evolutionary mechanisms chat 1946; Etk nd Livingston, 194, 


icterizes the achievements of the 20th cen- the other hand, morphological concepts 


tury biologists. .\ considerable number lave been iurther developed within the 


t synthetic works have been written in realm of their applicability—that 1s, the 
e past few years, all of them ultimately method of comparative anatomy ( Naet, 
mcerned with transformations within the 1913, 1917, 1919, 1921-28, 1923, 192 
tructural design of the organism Thus, 1927, 1931: ikobshagen, 1924, 1925a, 
should rightly be expecte: at moi 1925b, 1927: and Kalin, 1933, 1935, 1941, 
hology e biological discipline that oc 1945 The work of these authors has 
upies itselt especially with organism either been overlooked, er they are said 
rm, should play an important role in to be advocating a return to pre-evolu 
he discussion ot such theoretical problems tionary thinking ( Hubbs, 1944; Haas and 
s phylogenetic progression and the mec! Simpson, 194 Chis statement, how 
inisms that bring it about. ever, does not niorm to the tacts, as 
[his welcome revival of interest 1 vill be show elow d as readily 
hvlogeneti questions has, however, confirmed by an examinatio1 the works 
rought torth a considerable amount ot t these authors themselves 
‘onfusion in the minds of many ologists Since there 1s much disagreemet 
is to the methodological procedures and matter among the authors, and im view 
the limits of morphology, and the par f the fact that the numerous and impor 
, , , 


icular kind of contribution that this dis tant ntributions to this subject. particu 


ipline can make to the theoretical discus larly by Naet and Kalin, have not entered 


sion. The need for a clarification of mot the I:nglsh language literature, an at 
hological concepts has become especially tempt is here mace 
urgent, as is evidenced by an impressive 
ist of publications that are directly con CIPCUINSCTIDE The SCOP pata 
erned with this matte: \ surve\ € MOPPNOlOg) 

ese publications readily reveals a great -. to restate its basic conceptiona ul 


leal of disagreement among the authors ion and to clarity its tundamenta! 
gard to the nature and content 01 methodical procedures, 
morphological concepts, particularly that ). to analy fe its results as co test mean 

homolog Chere are essentially tw ing, significance and limitation, and 
ite the contribution that com- 


schools of thought represented. On the to dic 
ne hand, morphological concepts are be arative im rpl ology Can Make TO the 
. ° , —_ 1 diccnescinn of evoluti 

ng broadened and transterred from the ver-all GISCUSSIO! CvON 


’ 


methodological to the theoretical level 
, - . mn for the purpose of initial onentation 
Boyden, 1935, 1942, 1943, 1947; ME Nc , 
it may be helptul to compare the working 
Boyden (1943 and 1947) has recently tried ~ 


return the concept of homology to the status nfortunately, much of the pertinent lit 
1 methodological tool and does not agree with rature in German is clothed in difficult lan 
lubbs 1944), Haas and Simpson (1946) or guage and its translation poses considerable 
tkin and Livingston (1947 Boyden's con roblems The present essay is thus an at 


ept, although essentially correct, has the weak tempt to state the matter at hand im as simplk 


esses of Owen's definition (see below terms as possible 


ory ( )? 5 
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RAINER 


1 ae 
process of an experimental science wit! 


hat of a non-experimental science (fig. 1). 


the experiment, which produces factual 


results that need to be interpreted. The 


non-experimental sciences also have a 


method, though not so well known, to gain 


factual results that need interpretation 


(his method consists ot observation and 
comparison and the concepts gained from 
them are usually referred to as the mor 


phological method. = th 


the experimental 


the two phases of the working proc- 


ess are always clearly separated: the re 
sults of the experiment can be clearly dis- 
tinguished from their interpretation. The 


very same situation prevails in a non-ex 


ae +] _ as “hh - mMmArni ] . 
perimental science such as morphology, 


but many authors disregard it, thus actu 


ily removing the solid foundation trom 


under this discipline. It should be inter- 


esting to witness the storm of protest that 


would ensue among sound experimental- 


ists, 1f it should become practice to ignore 


the reporting of experimental di 


‘ | | 
present to the reader merely tn 


thor s interpretatior f his experimmenta 


; ; 
results. Yet this is what is happening 


i large sector ot the morphol 14 t i { 
systematic-zoological literature. 
The following essay is devoted to 


clarification of the morphological method 


following mainly Naef and Kalin (op 


| LEVEL OF INTERPRETATION 


results 


-=---> 


ZANGERL 





Che former emplovs a well-known method. 


theorehical 




























cit.), in an effort to clarity the status of 
the contributions of morphology to the 
general discussion of evolution in relation 

» those of other biological sciences. It 
may again be pointed out that neither 
Naef, nor Kalin, nor this writer intend to 
return to pre-evolutionary 
thinking, or to suggest that morphological 
results should as ends in 
themselves. All of writers firmly 
confess to an evolutionary outlook. What 
is being advocated is a sound morphologi- 
cal method, with which to achieve mor- 


advocate a 


be con sidered 


these 


hological results that form the basis of 


sound phylogenetic (evolutionary) 1n- 


terpretation. 


\lORPHOLOGY—THE STUDY OF ORGAN- 


ISMIC FoRM 


\Morphology is the biological discipline 


hat deals with the investigation of the 
phenotypically expressed struc- 
such, it 


over-all 


normal, 
tural design of organisms. As 
is not merely interested in the 
structural make-up of individuals or 
vroups (topographic and comparative gross 
anatomy ), but also in the microscopic struc 
ture (microscopic anatomy ), the develop- 
mental and geologic aspects of the form- 


problem (ontogeny, paleontology), and, 


finally, in questions of functions and envi- 


As distinct from the experimental and path- 


logical form conditions 
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results factual 
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Diagram 
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to show the main phases in the working 
experimental and non-experimental sciences 


results factual 
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ronment in so far as these appear to be cor- 
related with structural design (compara- 
tive biological anatomy). In all cases, it is 
ultimately the form-problem that is of 
central interest and we must thus consider 
ill these fields as disciplines of morphology 

Since morphology, as here defined, is 
in utterly non-experimental science, its 


results can neither be obtained nor re 
jected on the basis of experimental evi- 
dence. If, for instance, somebody should 
contend (and this has been done) that the 
ichthyosaurs and the whales, or the flight- 
the “ratites,” 


lated animals, there is no reliable experi 


less birds, are closely re 
metal way of proving or disproving the 
pinion [In order to interpret correctly 


morphological phenomena, it is neces 
sary to understand fully the nature of th 
jects investigated and the methods avail 
ible for their study 

There are considerable differences in 
the nature of the objects to be investigated 

the various morphological disciplines 
[t is this difference that has tended to 
break morphology up into its several sub 
specialties. Let us suppose that we had 


had available for study all the organisms 


that ever lived through the history of the 


as fossils. but alive and in their 


earth, not 
proper surroundings; there would not be 
iny reason for cleaving morphology into 
1 number of specialities, except, perhaps, 


\s it 1S, 


fragments of the over-all morphological 


tor purely practical reasons. only 
record are available. For instance, the en 
ire structural make-up is available only 
in the « rganism alive at present ; of those 
only 


f the past. a part of their bodily or 


ganization may be preserved in fossil con 
dition (internal and external skeletons ) 

The study-objects of comparative gross 
iatomy, of histology and of organology 
ire thus essentially adult organisms living 
at the Present. The materials are satisfac 
tory in so far as they permit the study of 
the complete organism, but they are lim- 


The 


factor trme enters into the picture, if form- 


ited to one epoch of geologic history. 


stages are investigated with regard to their 


~ 


ntogenetic development (ontogeny). On 
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togenetic development is a continuous proc 
ess that presents itself to the morphologist 
as an infinite number of form-stages, il 
h 


lustrating the process, if arranged in their 


proper chronological order. Thus, the 
adult form-stage can be viewed in its his 


7] "0 
ifveit 


sion is met with in paleontology 


toric aspects. in a different dimen 


Essen 
tially only adult form-stages present 
themselves in the geological periods, thus 
depicting the form problem in a different 
historic perspective 

It is important to keep in mind in what 


ways the two historic series of form-stages 


(the ontogenetic and the geological ones ) 
differ from one another. The most strik 


ing difference lies in the relationship be 


tween any two successive stages in the 


two series. In one case (ontogeny), we 


are certain that the second of two adjoin 


devel 


~ . 5 | 

ing stages of a series has actually 

yped from the first: this can be observed 

and confirmed. In the geological series, 
-™ aan cane 1 a ee 

we are never certain, Dut can only achiev 


a greater or lesser degree ol 
There are other 


probability 
differences, of course 
formative process takes place 


other 


One historic, 


within the individual. whereas the 


involves at least successive populations 
y ~ : + > - 
Comparative biological anatomy ( Boker) 
7 


deals essentially with the same situation 


as comparative gross anatomy. except 


_ 


that correlations of form with function 


environment are 


investigated 


ind of organism with 


The rhe ve considerations should make 


comparisons between mate 


fferent nature (adult recent 


adult 


Such dl 


with adult recent: adult recent with 


adult recent with embryonic: the 


fossil : 


latter with adult fossil) rest on different 


erkenntnistheoretic * planes. and thus can 
7 a ~ = 77 

not be evaluated in an identical way. Fu 

claritv in this matter has not yet been 


achieved. but some attempts at clarification 
have resulted in the 


. 
versies of 101 


removal of contre 
ig standing; see for instance 
(1939), 


es that caenogenesis and palin 


Kk rvzanowsk! who shows among 


7 
7 11 \ Tl 
+ Erkenntnistheorie = theory of cognition; a 


ood adjective is not available in English. 



















































354 RAINER 
genesis exist neither as concepts nor as 
phenomena. 


THE METHODS OF COMPARATIVE 
MoRPHOLOGY 


Comparative morphology rests almost 
entirely upon the fact that there are vari- 
ous kinds of relationships between struc- 
tures of different (interindi- 
vidual relations) individuals 
(intraindividual relations), between struc- 
tures and functions, organisms and en- 
vironments, etc. These relationships ex- 
press themselves in various degrees of con- 


organisms 


and within 


tormity between the objects considered. 
The analytical tool of comparative mor- 
phology is, as its name implies, compari- 
son. Naturally, any two parts of different 
individual can 
But the 
erkenntnistheoretic value of such compart 


organisms or within one 


be compared with one another. 


sons is greatly different, as an example 
Suppose the 


the sub- 


will readily demonstrate 
following comparisons be made: 
terminal phalanx of the third digit in the 
hand of a lizard with (1) the kidney of a 
cat, (2) the premaxilla of a dog, (3) 1 
subterminal phalanx of the third digit in 
the manus of another lizard, and (4) the 
third digit of 
An eval 


reveals 


subterminal phalanx of the 
the foot of the same individual 
uation of the 


that in the 


four comparisons 


first case the structures corre- 
spond in two ways; they are both made up 
of cells (different as these are) and these 
cells arise ontogenetically from the 

In the example, the de 
gree of structural correspondence is con- 
both 


derm second 


siderably greater, structures con 


sisting of similar cells (bone cells). The 
| 
{ 


legree of correspondence between the 
elements in the third example is very 
ereat: similar cells, similar ontogenetic 


(mesodermal, preformed in 


development 


cartilage), similar position in the body 
with regard to the organisms concerned, 
thus also similar position within the manus, 
part of the 


of over all 


thorax, etc 
in the 
great, but 


arm, anterior 


The degree similarity 
fourth 


differing 


example is also very 


from the third comparison in 
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structures do not 


that the 
with regard to the body as a whole. 

Some of the structural relationships un- 
covered by comparative morphology proved 
of such value that they become important 
structural plan, 


correspond 


concepts (morphotype, 


homology, etc.), representing fundamental 


elements of the morphological method. 


Before discussing the latter, it seems nec 


essary, however, to make one point clear 


\ll morphological concepts express ob 
| ) 


served relations. These relations are 


facts, verifiable by any subsequent ob- 


server. The morphological concepts are 


factual generalizations derived from ob- 


served structural relationships and as 


such they do not and cannot carry phylo 


genetic aunplications. Che translation of 


morphological results into phylogenetic 


terms 1s a matter that must be judged in 


each case according to its merits, in terms 


of greater or lesser degrees of probability. 


But such procedure is outside the realm of 
morphology; it belongs in the sphere of 
theoretical, over-all synthesis of the results 
of all biological sciences, the discussion of 
which must not impair the methodological 


= 


foundation of anv of the disciplines. An 


example to illustrate this matter in all its 
clarity and simplicity may be drawn 
Hubbs (1944). Hubbs writes (p. 301). 


‘“(j;ood circumstantial evidence indicates, 


from 


to take one example from our own studies, 
that bifid teeth and i 
certain type have been evolved repeatedly 


intestinal coils of a 


F evprinodont 
In the 
a peculiar 


in the Goodeidae, a famil\ 
fishes (Hubbs and Turner, 1939). 
Clupeidae, as a second example, 
type of raker-lined pocket has been de 
veloped, again and again, we feel sure, by 
an extension and evagination from the up 
fourth gillslit 


The end re- 


per anterior end of the 
(Hubbs and Lagler, MS) 
sults of such parallel evolution may be 
scarcely distinguishable on any morpho 
physiological or developmental 


Are 


the basis of essential similarities and of 


logical, 


grounds. they homologous? On 


mode of development in the individual, 
we may say ‘yes’; on the basis of mono- 


phylety, we could say ‘no. 











; 


? 
phological 





cited 
teeth and 
occur 1n 


the family Goodeidae, 


Che morphologist is faced. In the 
example, with the facts that bifi 
intestinal coils of a certain type 


several members of 


ind raker-lined pockets are found 1n vari- 
us representatives of the Clupeidae. 
\bout the phylogenetic history of these or- 
vans, he knows, @ priori, absolutely noth- 


y PiVJUl 


howeve r, recog 


ng he morphologist, 
zes that the organs under consideration 


exhibit a high degree of structural simi 


larity, microscopically, macroscopically and 


1, +o . - eeley+ » 4 the , lL, 
the structural relation to the rest of the 
1 1 17 ° 
S! body iS Well iS ontogenetically 
llere f , +] morn! lagict he fF aol 
ere en ¢ OT OLOL 1ST as tound a 
orm relationsnhnl) hbetweet organs ¢ dit 
5 | | 4 | 77 ] : | 
erent hnimais f € CaliS a oOmMmoLtr?y 
’ , 7 : . , 
Té¢ NS! | us @XDTre SSsect 1S 7 ictua 
| | ] 
j ‘ merely means ¢ at ( orgal ~ 7 
, , 
uesti correspond 1 the various species 
' 1%. 1 , 
tne aegree u er ( e tne 
+ ] ] + 
TetI1¢ l SCLISSI« ’ c T¢% A etnet CSE Or 
| 
i! ~ <Tyf i! O , v? ( mn) cy? 1? cestTra 
’ 4 ' ’ 
il eS « l eveioped dependently 1! 
+ | ] ] 1 4 } , 
17rere €s can oniv tear e sugges 
> , Sad ? ] 7 ] 1,7 ? 7 + 
no eyTreater GadegrTer I ADLIILY f 
, , ’ ’ 7 
the one than the ther. ( ) us re- 
7 7 7 
vardless what the theoretical interpre 
7 , ) } +1 t+] i ] ? 
L1tL10On May ( es <1ng rl eiatiol 
: 17 ‘ 1 f 1 1 ' 
S11 S | @XISTS S pe@ror°re S omotogy 
lL, f 7 emhalaci - ] . 
\ ue eele Molwgica results 
, ] ] ina + . : 
‘ ( SCLISSI( Vit veTic 1¢ DICS 7S 
| +7 1 
Oowevet 1 means impaired tine ict 
, 7 | 
that thev are not rect Kevs such prol 
lem nih on nt — a ee 1, 
CTTIsS Mi T rid) Ca TT1¢ OCadOIOg = 
- . ’ » | ] 7 
many avenues wWproaci iri naeer< 1! 
’ 
numerous instances morpholog, is 
Masser enough materia ti make its phvl 
enet 1 nterpretatio1 npent rc } T)T Lg 
iti certaint 


(CONCEPTS IN ( 


\loRPHOLO 


\l F rILODOLOGICAITI 


ATIVE 


form expression 


yanisms 1s potentially infinite, due to dif 


erences of structural design of th parts 
The term morphotype is here introduced for 
It is the equivalent of the mor- 


Vorphotveus. as 


ne first time. 
7 


type or used in 


rerman 
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lat | | +] 1 
in relation to each other and to the body 


as a whole, and to the countless form vari- 


ations that are possible within each basic 


design ()rder may be achieved in this 
complexit torm by grouping the organ- 
sms into a hierarchical system cate 


ae 
iscending 


trom the 


‘ ‘ ‘ 1 ’ . 
vhich the common basic design includes 
7 - ‘? oe, | * » f +1. - 
e entire structural make-up of the or 
- ] ‘ las ‘ : 
anisms contained to the largest unit 
Ll ‘ ] , af ] —_ - 
whi it design may incleude ly 


few structural elements. This procedure 
or.60en cebaceen IE / . ft ama — “+ 7 @ 
1S ractically expr sseq and e@vaiuated 11 
the familiar svstematic 
} ] LODO 
se | f the par 
patial) relationship of the parts 


n organism to the body as a whole is 
called the structural plan. It represents 
’ sic, mutual arrangement among the 

: the mpared organisms. Na 


creatly different or 


~ 


' ir all 
yanisms, the structural plan includes only 
5 | 7 o 
l “ mim eatures on the ote! 
> ** 1 * ] > ‘ 7 
e structura lan ot a group o 
mi , ess simil rganisms is rich in 
- , 
mm features the organisms con 
rming in many respects to a mutual pat 
1 17 
( 17 T enresents I’ 1 STA \ 
eT " 1¢ Si Oo ) 
a: 
s concept 1s of great importance he 
} Céalhies . 
LIS val sms cal e roh LD] ‘ m- 
= al] j ahs eho 
wT? NOT ( oo1Ca \ ONLY WII 1T I t 
: ] + - - 1 ] . 
scome f their common structural plas 
It 1s, example, not possible to regard 
e structurally similar paired eves of the 
] ] ‘ f 1, +e ~+ | l; . 
squi as elements ot the structural plat 
17 | | . 
\lollusca ) and the paired eves ot a verte- 
er aaah f the structural plan 
rate as elements ¢ tne structural Dia 


because the 


1iomologous, 


ctural plan of the phvlum Mollusca is 


: ee . - . 1 
basically different from that of the phvlum 
a | , a - 

Chordat These eyes can be compared 


only within the mutual structural plan « 

both the Chordata and the Mollusca 
But, in this greatly abstracted plan, these 
eyes appear merely as light receptor or 


gans without specific spatial relationships 


a whole, and as such 


rganism as 
are not o1 


ly homologous to 


aired eves but also to the parietal 
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Fic. 2. 


\, Amphibia; B, Reptilia; C, Aves; 
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Illustration of the structural 
D, Mammalia. 





plan of the roof bones of the skull. 
The figures show the 


topographic arrangement of these bones with regard to the skull (and the 


hody) as a whol 
Tetrapoda. 

Pmx premaxilla 
M maxilla 

N nasal 

|. lacrimal 

Fk frontal 

Pf prefrontal 

| jugal 

Pot postfrontal 
Po postorbital 


' 
+ 


eyes Or the Chordates 


Hubbs (1944) 
came essentially to the correct conclusio1 
(as illustrated by his examples), namely, 
that organismic structures cannot be con 
sidered homologous, except within the 
frame of the common structural plan of 
the compared organisms. He states (p. 
297), “Two characters may be homolo 
gous from one point of view but non 
homologous from another viewpoint.’ 
The contention that it 1s a matter of point 
of view whether structures in compared 
organisms are homologous or not, “As a 
vertebrate limb, a bat’s wing is homolo 
gous with a bird’s wing, though as a wing 
it is only analogous,” is not tenable how- 
ever. The comparison of structures in 
organisms belonging to groups of differ 
ent structural plans, rather than their com- 
parison within their mutual structural pat- 
tern, inevitably leads to serious method 
logical difficulties. 


Condition A m: 


serve as the structural plan for all 


J} quadratojugal 


| squamosal 
intertemporal 


St supratemporal 
P parietal 


) quadrate 


Pt pterygoid 


tabular 


Ds dermosupraoccipital 


Che structural complexity of an orga 
ism at any time during ontogeny is a 
product of differentiation during growth. 
Consequently, as Naef and Kalin have 
the structural 
“Werdeplan,” 

\ctually, it 1 
even more complex where fossil materials 


pointed out, the concept of 
plan is four-dimensional, 
including the factor time. : 
ire involved. 

he concept of the mor photype is 
closely related to that ot the structural 
plan. The various parts of living bodies 
lo not merely conform to a basic topo 
graphic pattern, but they exhibit, them 
In terms 


of the structural plan, the tetrapod hu 


selves, a great variety of form. 


merus, for instance, 1s a structural unit 


in the most proximal section of the fore 
limb. As such, it consists of cartilage or 
hone and it appears in a great variety | 

shapes : different degrees of torsion of the 


distal against the 


proximal end; diffe 
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neces in the relative size, ditterences in beginning student of morphology, to u 
ttachment areas tendons, and in ves derstand the difterence between the con 
el and nerve passages, etc cepts of the structural plan and the mor 


t form conditions is as photype. At first, it would seem unneces 


‘lative as the evaluation of sizes. Thus, sary to make a distinction, since at every 


Kalin points out, it has long been felt systematic level the morphotype is associ 


unong systematic | 

rms standards 
orm conditions ca 
inalogous way 


we measure by « 


mm an established 
[In morphology, tl 
type which is an al 
rm variety within 
he same structur 


abstraction from 





tandard size units, e 


In other words, we 


nologists that there are ited with a structural plan of equal system 
) with whicl 


n be compared, in an ‘veals that structural plans express re 


+} 


as, in the physical sciences, ations ot tar greater scope than do the 


‘comparing sizes with norphotypes. The morphotypes of the 


¢.the standard mete1 head skeletons the classes \lammalia, 
determine deviatior \ves, Reptilia and Amphibia are all dit 
norm ferent, but the structural plans expressed 
le norm 1s the morpho n these four morphotvpes are essentially 
ISTTACTIOI le iclula e€ Same 

i grou rganiis! Phe llowing example 1s giv 0 1 
alplan. Itis arrived at lustrate the construction of the morpho 
the actual form variet type as well as its ean ind limit 


braxt, usually but not In the 


ecessarily a systematic category) and the dermal bones that form the side wall 

us the actual rm conditions can be the skull either form a regular zygo- 
ight ot as being derived from 1t Phu matic arcl ntinuous with the squamosa 

we can arrive the tamiliar morphotype hone ) auri), or such an arch 1s en 

t the skeleton of the tetrapod limb—dis tirely wanting ( / nata ) / irolina 
egarding all the numerous peculiarities of ind 7. triunagu issume intermediate p 
rm im the individual representatives of sitio1 Be issumed that the morpli 

e group, and including only those tea tvpe of this skull region be constructed, 


tremity consisting 


' 
1 


od-like stylopodium, distally fo 


es . ’ 
WO rod-like elemel 
d the latter form 


digits 1 and 5, tl 


that of the Cavico 


1, ‘ ‘ ) 
he lst. nen ne 21 
artial tusion ot the 


ipplied to a few well know 


‘ 
SUC TI aS - to *< 
wch ; +) ‘ 
1932). involving fe 


systematic categorie 


ted above from Kalin _ in contact with 


cialized and mutually hased on the four species and involving, 
constructing an ex r the sake of simplicity, the follow 
roximally of a single, ng hones squamosal, quadrato-juga 
llowed by wal and storbital ly cure 3, tl 
ts of the zeugopodiun U1 nes are illustrated in horizont 
ng the base of a five eric showing on the left side one ey 
From this scheme, we treme n the mght side the ther « 
the limb skeleton of trem f their development in the fou 
the well-known man species under consideration It 1s now 
e reduction first of necessary 1 letermine which ends 
1en digits 2 and 4; _ these series hold the more generalized c 


rnia by reduction of litions he question is readily answered 


| ] C+] le ‘ ] , . — i . stle +14 > “15 " 
id and otn digits and Vy a mparison wit e morphnotvpe )} 
remaining parts. \s the next higher svstematic category, the 


examples, family Emydidae. Here, the squamosal is 


le quadrato-jugal and the 


7 9 © ’ ‘ ‘ 7 
yr the most part large  postorbital bone, dorsal to the tympanic 


Ss, most biologists are tunnel: the quadrato-)uga 


~ 


‘ine with the cance f the -1)] _—- ms tact the 1 tarhital han Bo 
amuliat with tie concept Ol e morpno widely Col i¢ Lii¢ ostorpita Oi = 


type. But its applicalhility and value are’ Ol Thus. in figure 3. the conditi 


equally great in groups otf lower system he bones at the left side of the illustration 


itic rank 


It mav le 





oo” narticularly for the 





7 ‘ 
loser examination, owever, 


oe eee oe 
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Fre. 3. Illustration to show fo evels of 
ments in 7 errapen rap 
Terrapene ornata (T« d t 
¥ expression within the four species. P, post 


mosal 


tour bones on the left (1), the most specia 

resent intermediate nditions. Compal 
ot no significance and due oniy to the 
choice Of the species, that, in this particu 
.. - ed * : - - ] , } ‘ 1o¢ e . 
lar case, all four generalized co ions are 
found in the same form, 1 The mot 
photype Ol the one pattern of the side oO} 


the skull, as derived from the c 


the four species, includes the generalized 


conditions of the four bones under cor 

sideration. In this particular ex 
» « tae ] ‘ - } : . 

only as tar as the tour bones are ¢ 

. bs ] oq} + : | $o7-7 1 

cerned, the morphotype is identical wit 

the actually observed features in 7. baw 


igure + shows how the zygomatic arches 
of 7. 


ie ue ie “l : ; as 
can be derived (ideally) from that ot the 


carolina, T. triunguis and 7 mata 
morphotype by constructed intermediates 

This example was purposely chosen to 
show that the morphotype 1s a factual mor 
phological tool, independent from phylo 
The 


figure 4, involving contemporaneous forms, 


genetic speculation. derivations 1 


illustrate clearly that there can be n 
phylogenetic relations along the lines indi 
cated. The same applies also deriva 


tions in which the intermediates are actu 


ally documented by fossils, such as in tl 


the horse 


‘ase of the derivation of 
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The vertical columns of figures (1-4) 








litterentiation ot the ur zygomatic arch ¢ 
(Tc), Lerrapene ? it) and 
es, one bony ement 1s she ts range 
rbital; Q, quadratojugal; J, jugal; S, squa 
give the most generalized ndition of the 
yndition on the ght (4 2 and 3 rep 
, ~~ ‘ 
' , 
ron Cile WMT] OcV iT. Lile etrapor 
' | ‘ x * . 
1mm Lhe reiations expressed in a series 


1 morphotype 


What is 


oo ¢ tr17 
Li ( 


re never of a geneti 


ly Ing expressed 1s rather progressive 
ee r oe alas . f narticniar ki 

series Of relations Of a pa Cula KI 

lamely of homologies among ditferent ¢ 


canisms. Its evolutionary significance ts. 


ywever, in each case a probl 


Che widely held opinion that paleont 


vy alone among phol 


the morphological sci 
nces could claim to have a voice in the 


of evolutionary problems. be 


liscussion 


iuse of the “‘historic’’ nature of the ma 


‘ i. | 
eriais 


Its methodol 


is a distinct fallacy 

gy 1s the same as that of comparative mor- 

phology in general, and the added factor ot 
the de 


tf a morpho 


time, although an invaluable aid 


termination of the direction « 


logical specialization, is more than offset 


by the disadvantages of having but on 
ee One tem th | t ailahl 
structural system, the skeleton, availabl 

The difference in the two examples cited 


not methodol o1K al procedure, 
hut the theoretical With regard 
» the latter, the ex ample s rest rt course, on 


ntirely different levels 


oes involve the 


interpretation 


+ 














for study. The following example is de- 


signed to show that in many cases com- 


parative morphological results can, if 
properly achieved, be of such importance 
that even fossil documents can only 
irm, but not further clarify 


results For the 


con- 
or alter the 
sake of this demonstra- 


tion. no mention will be made of fossils in 


the entire procedure, in spite of the fact 
that it 1s fossil evidence that gives us the 


strongest support for the argument. 
The example, again, is selected with ref 


erence to the construction of the temporal 


ind postorbital regions of the turtle skull 
Fioure 5 show aS f ckulls in 
i liwure a SNOWS crawll vs , SKULIS il 
ia can ' 
side view of 20 different species. All of 
7 - , ‘4 
nese Torms are Rect nt \ viance al the i- 


; ; . 7 +7 loose 
postorbital regions are greatly differe: 
: | ] P 
the selected species In some forms 
} + IT ] Ix, ] 
el OTal TeY101 S e€xtensively roored 
= : = te - 
vel others s more or less open 
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[In some species, the ventral edge of the 


zygomatic arch is straight, but in others 


it is concave in varying degrees. Further- 


~ 


more, the bones that cover the region dit- 


ter greatly in their extent. The question 


presents itself as to the basic theme, the 
hotype, from which all these varied 


conditions can be (ideally) derived. 


mort 


1. The temporal region, although open 
most turtles, is closed in some of them 


he, 5A). \ 


: ' 
to show tne 


progressive 

° , , , : 7 
series could be lined up gvrad- 
ual, step by step, enlargement of the tem 
In the extraordinar 


specialized pleurodiran turtle. Chelvs 
z 


rossa torw ard 


eee " 7, ho 
ait hinds 


“1 } 


bers of the family Chelydae, the posterior 


-l), and other 


‘ ] ‘ oe» | . : : . 2 } } 
i ¢ eC! Oral region 1S covered DY 
, ' 
1 sheet ¢ DOTTIE e squamosali, connecting 
> ol , ¥ 
( a ite wil he parieta \mo1 4 
. > ] +1, ] ] 
( ect Cl — Ci ile ¢ cor es 
| 7 | 
( emp region 1S covered \ one 





T. ornata 





— ~ 
aa 
IS) 
T. beuri 
4. Illustration of the morphotype ept base n analysis she hg 

Bottom figure represents morphotype of bones considered among the tou 
species compared. By coincidence, the morphotype condition is actually realized in 
Verrapene bauri. The actual conditions he nes , I. triungu 
and 7. ornata can be ideally derived from rphotype by structed intermediate 


conditions. For further explanation see te 
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except for two openings in the roof 


condition ) 


(diapsid Posteriorly, it 1s 


closed 


parietal-squamosal-quad- 
This is also true in the 


In the liz- 


by the 
rate connection. 
rhynchocephalian Sphenodon. 
ards, the large temporal opening is posteri- 
orly bordered by a thin, bony rod that 
connects the quadrate with the parietal. 
In snakes and amphisbaenians, a tem- 
poral fossa in the ordinary sense is absent 
altogether, even though a posterior con- 
nection of the parietal with the quadrate by 
way of the squamosal is observed in some 
forms. 

This review of 


phology ot the 
temporal region in recent reptiles indi- 


the mor 
cates that in all cases portions of a bony 
root over this region are 
its aboral end. In 
the bony constituents in the regi 


present, even al 


. - 7 
view ot the tact that 


Con 
1 1 
mutual structural 


form in all cases to a 


plan, the varied conditions can only be 
formally derived from a morphotype of the 
order Reptilia in which the temporal re- 
gion is completely covered, lacking fenes- 


as this feature 


> 
Der 7 ‘helys 


Ce msequently . as far 


skull of 


trae. 


a antitintnill . 
is concerned, the 


( fig 5-A) is generalized 
2. The ventral edge of the zygomatic 


arch in turtles is either straight as in 
and Macrochelys 
(hig. 5-B, C, & D),. or it 1s more 
excavated as in Chelydra (fig. 5-E). Go 
pherus (fig. 5-M) and particularly Chelys 
(fig. 5-T). Much 
be produced here as in the preceding dis- 
\ straight 


( arétta. i latyvsternon 


or less 


the same argument can 
cussion of the temporal roof. 
zygomatic arch connecting the quadrate 
with the maxilla is present in crocodiles 
and in Sphenodon. 


In lizards, tl 
turtles, 
5-O). and in 


‘ 


1e arch 1s 


absent as in some Geoemyda 


snakes and 


? 
spinosa (ng. 


amphisbaenians, the entire region 1s so 
obviously modified as to be of no signifi 
Thus, a 


zvgomatic arch 


cance in the present discussion. 
straight (unexcavated ) 
appears to be the generalized condition as 
exemplified in Platysternon (fig. 5-C) 

3. The differences in the extent of, and 
the contacts between, the bones that make 


up the temporal and postorbital regions in 
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the turtle species illustrated in figure 5 are 
largely due to the varying sizes of the tem- 
poral openings and zygomatic excavations. 
But two diametrically 


—— 
opposite conditions 1n % 


there are at least 7 
he size relationship 
of the parietal and the postorbital bones 
5-A) and in the 


+1, _ eer : 7 
he species where judge 


In Dermochelys (hg 
great majority ot 
ment is possible (in forms with large tem 
tell), 
the postorbital bone is large, whereas the 


In Podo- 


excavations it 1s difficult to 


moderate size. 


cnemis (fig. 5-Q), on the contrary, it 1s 
he parietal that is by far the largest bone 
of the region. The postorbital 1s tiny, oc- 
casionally even absent (Ruckes, 1937). 


The latter condition is rare among turtles, 


so that it appears safe to consider the 
former the more generalized character. 

hus, the morphotype of the temporal- 
postorbital region of the turtle skull lacks 
ck 


The 
squamosal makes sutural contact with the 
quadrato-jtgal 


both dorsal and ventral excavations. 


parietal, postorbital and 
6-A). 


following, 


ine 
fin. 


From this morphotype, the 


three essential conditions rep- 
resented by the selected species 1n ngure oO 
. } . 2 ott —_ F 
can be ideally derived 

1. (fig. 6-B) Postorbital bone relatively 
parietal moderate in size; contact 


large, 
between squamosal and parietal broken by 
dorsal excavation, or rarely present, where 
Ventral excavation 


tending to 


excavation 1s small 
v7 


(usually smaller than dorsal) 


disrupt contact between jugal and quad- 


rato-jugal. Occasionally dorsal and ven 
tral excavations merge into one (Geoe- 

vda spinosa (fig. 5-O) 

2. (hg. 6-C) Parietal is enlarged, post 
orbital reduced in size, sometimes even 
ibsent Dorsal and ventral excavations 
moderately large (Podocnemus, fig. 5-Q). 

3. (fg. 6-D) Dorsal excavation small, 


~~ 
connection 


retained 


ventral excavation enormous; 
between squamosal and parietal 
Chelys, fig. 5-T). 
Che morphological results here obtained 
without the benefit of fossil evidence must 
readily be 1 in th fact 


admitted in the f the 
hat one of the oldest and best known tur- 


lace ¢ 


tl Trias helys dux) agrees in every 
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lic. 6. 


the turtle species in figure 5. 


Illustration of the morphotype (A) of the postorbital regions of 
B, C, D represent the three essential condi 


tions of this region of the skull in the species of figure 5. B, C, and D can 
be ideally derived from A (see text for further explanation ) 


essential respect with our constructed mor- 
photype. 
frontal and postorbital bones as well as a 
Triasso- 


The presence of separate post- 


supratemporal in the skull of 
chelys, for which bones there is no evi- 
forms, does in no 
Neither will 
suggestions by possible skeptics that the 
writer had the condition of Triassochelys 
in mind when constructing the morpho- 


dence recent 


way invalidate our results. 


among 


type, because, even if this were true, the 
argument nevertheless was carried without 
reference to fossil conditions and is thus 
valid and applicable in structural systems 
where fossil evidence is completely lacking 


(soft anatomy ). 


The concept of homology 

Few concepts in biology have had as 
turbulant a history as that of homology, 
and its discussion, particularly in the most 
recent English language literature has al- 
most entirely overlooked the methodo- 
logical nature of the concept and dealt 
primarily with the causality of the phe- 
nomenon (except Boyden, 1947). A few 
citations may serve to illustrate the situ- 
ation. Hyman (1943), p. 3: “This ques- 
tion (of the relation of form and function ) 


involves the concepts of homology and 





analogy, which are understandable only 
in terms of the principle of evolution. 
Homology is intrinsic similarity indicative 
of a common evolutionary origin.”” Hubbs 
(1944), p. 290: “Homology has thus come 
to signify agreement in evolutionary deri- 
| ““Proot of homology has be- 
come the basis of phylogeny,” and p. 
“It is high time that we think and write 
of homologous functions in the same way 
that homologous structures been 


treated, and that we discard from the defi- 


vation’ an 
QO >. 


have 
nition of homology any necessary restric- 


tion to anatomy.” (1943), p. 
240: “Homology is a genetic phenomenon 


Be ry den 


and both serial and special homology are 
based upon mechanisms which involve the 
interaction of genes and cytoplasm 

“and” . 
rectly upon the analysis of racial descent.” 
Haas and Simpson (1946), p. 324: “Ho 
mology as here understood is still a well 


special homology bears di 


usable phylogenetic term” and p. 344: 
“Owen's ( special ) homolog, should be 
restricted to similarities between parts, 


organs or structures of different 


isms attributable to common ancestry” 


organ 


and Simpson (in Haas and Simpson), p 
323: “In such cases, I can see no objection 
to speaking of homologous functions, as 
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an expression of opinion as to the origin 
func- 


of a dynamic complex including the 
tions along with the structures performing 


them’; and p. 325: “Homology, as we 
agree, is best defined as similarity inter- 


Ho- 


moplasy, as we also agree, is best defined 


preted as due to common ancestry. 


as similarity (or as including any process 
leading to similarity ) that is not explicitly 
interpreted as due to common ancestry. 
Both terms, rather than being purely de- 
scriptive (as in Boyden’s definition of 
homology, for instance), express an opin 
ion, One positive and one negative.” 
While a 
causality of a phenomenon such as a ho 
mology is perfectly legitimate, the authors 
cited failed to realize that this is not the 
This fail- 
ure brought about a great many difficulties 


discussion of the possible 


case with the concept as such. 


that render the concept practically worth- 


less (see Hubbs, 1944 and Etkin and 
Livingston, 1947). 
A great deal of the confusion is due 


to the phylogenetic implication that has 
been injected into the concept. It was 
repeatedly pointed out that such proce 
dure involves a circulus viti (Kalin, 


1941, p. O): 


organs or parts is said to be common phy 


SUS 


the criterion of homology oi 


letic origin of these structures, whereby 
the supposed common origin itself is to be 
established by the very demonstration of 
their homology! Recent efforts to analyz 
the causal factors that bring about a ho 
mology are obviously fruitless endeavors, 
since it is all too well known that struc 
similarities, i.e. homologous 


plan 


tural 


features. can either have arisen from a 


common origin, or, independently, in dif- 


ferent lines. Thus, an individual homol 
ogy between two or more organisms 1s 1n 
dicative of neither of these possibilities, 
but merely postulates a particular relation 
between the compared parts, a relation 
that we call a homology. 
concept as Haas and Simpson (1946) do: 


If we define the 


“Homology, as we agree, is best defined as 
similarity interpreted as due to common 
ancestry,” we rob the concept of its only) 


possible function, namely as a tool, since 
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] 


we do not and cannot, a priort, know any- 


thing about the causality of a given struc- 
tural relationship between parts of differ- 
ent organisms. 

\ second difficulty is the repeated at- 


tempt by various authors to broaden the 


concept of homology to include similarities 
other than those presented by structural 


correspondance in organisms, such as, 


for instance, similarities in function and 


in behavior patterns; to cite only one in 


stance (Hubbs, 1944, p 292): “The claw 


is much the 


ing of a cat and of a tiger h: 
homology oft 


have already 


same meaning as does the 
the claws.” We ; 


that homology expresses a particular kind 


intimated 


of structural relationship, intimately in 


terwoven with such more inclusive con 


cepts as those of the structural plan and 


the morphotype These, however, can 


behavior 


not be applied to functions and 


] 


patterns in the same way as to structures 
If, in the analysis of functions and_ be 
havior patterns, a special terminology to 


cover the concepts should be necessary, 


then such a terminology should be adopted 
(a beginning has already ' 
\bel, 1912, and Boker, 1935) Borrow 
] 


ing a concept trom one discipline and ap 


be CT) made by 


plying it in another, where it is outside 
the realm of its applicability, 1s definitely 
suspect. This has been clearly demon 
strated in Spemann’s (1915) critique ot 


the homology Colucci (1891) 
and Wolff (1894 5) showed in 


experiments that the lens of the eye, 


concept 
elegant 
; after 
operative removal, will regenerate from 
the mesodermal tissue. Kalin (1935) 
points out correctly that the total break 
down of the homology concept in the field 
of developmental mechanics does in no 
invalidate it 


wa) in morphology, since 


the lens, normally. always develops from 
the ectoderm. 

A third source of 
lack of clarity as to the intra- and intet 
The argu 


confusion hes in the 


individual form relationships. 
ment involves the question of greater or 
lesser degrees of structural correspondence 
among serially arranged organs wt/un the 
individual or between homologous organs 
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among individuals. Boyden, 1943, comes 
to the conclusion that there is a greater de- 
gree of correspondence among homolo- 
gous organs than among serially arranged, 
intraindividual ones and cites as evidence 
a comparison of the appendages of two 
crustaceans, Homarus and _ Callinectes. 
Hubbs (1944), in answer to Boyden, sug- 
gests another example, also chosen from 
among appendages of crustaceans (pereio- 
pods 2 and 3 of the lobster and blue crab), 
that presents the exact opposite situation. 
Hubbs feels that intraindividual form-re- 
lationships are of no less importance in 
their “evolutionary significance” than are 
such relations among different organisms. 
‘Broad- 


He continues (op. cit., p. 293): 
ening comparisons, we often find vastly 
greater correspondence in anatomy, and 
in homology, between serial structures in 
one individual than between the ‘same’ 
structures in two animals. Thus, we see 
vastly greater agreement in fundamental 
structure and relationships of parts when 
we compare the fore limb and the hind 
limb of a horse, than we do when we con- 


trast the fore limb of a horse with its 
special homolog, the pectoral fin and 
cirdle of a teleost fish.”” Thus, Hubbs 


suggests the abandonment of a distinction 
hetween intra- and interindividual form 
relations and illustrates his point 
erence to structures that are dispersed at 


by ref- 
random, or that are units of a pattern, e.g 
scales, feathers, hair, etc. 

\n analysis of the examples cited in 
this dispute readily reveals the source of 
First of all, as has been pointed out 
by a variety of authors (Kalin, 1941; 
Boker, 1935, Uexkull, 1928; and others), 


and as has been demonstrated in an un- 


Crsuc. 


usually impressive manner by the phe 
nomena of development in experimental 
zoology, the ultimate nature of an organ- 
ism lies in its entirety. It is not, in other 
words, a conglomerate of more or less in 
lependent parts, functions and behavior 
patterns in This 
fundamental realization has produced pro 
found effects in all aspects of biological 
research and could not fail to achieve, in 


a given environment 


ZANGERL 


a refreshing clarification of 
Comparison 


morphology, 
its methodological concepts. 
of the structural similarities between the 
fore and hind limbs of a horse with re- 
gard to the individual as an organismic 
entity expresses, obviously, an entirely 
different relation than comparison of the 
fore limbs of two or more horses. ‘Thus, 
a distinction between intra- and interin- 
dividual form relations must be upheld. 
Kalin (1935, p. 658) defines intraindi- 
Parts, 


ee 


vidual form relations as follows: 
whole ot 


thev cor 


so arranged with regard to the 
one and the same organism that 
respond with each other in certain geo 
metric aspects, are best called intraindi 
vidually plan-similar, or homonomous.” 
He continues to explain: “Homonomy in 
cludes those relations in the fundamental 
geometric pattern as are represented by 
bilateral symmetry, metamery and para 
mery, 1.e. those relations of parts within 
individual that are 


and the same 


as homotypy 


one 
known 
mous) and homodynamy 


(antimer-homono 
(metamer-ho- 


monomous and paramer-homonomous ).” 

It may be noted that there are different 
relations between multiple intraindividual 
Structures, agreement to the basic geo- 
metric arrangement of the 
Foremost among these are 


tological 


body being only 
one of them. 
agreement 1n histological and cy 
differentiation (hairs, sweat glands, cilia. 
spines of sea urchins, etc.) as well as i 
specific shape (scales, hairs, feathers, etc. ) 
Multiple organs have caused considerable 
discussion with regard to their homology 
(see below). 

The interindividual form relations pre 
sent a somewhat more complicated picture 
Homology is one of these relations, but, 
although the most important one, it 1s 
by no means the only one. In the corre 
spondence of structural elements of two or 
more organisms according to a common 

1941) dis 


tinguishes as the most important categories 


structural plan, Kalin (1935, 


of plan-conformity in comparative anat 
omy: * 
‘Kalin calls these “planmassige Kategorien 


der vergleichenden Anatomie.” 





1. Homology, the fundamental category 
(discussed below). 

2. The category of the special top 
jraphical relationships. 
Correspondence ot homologous 
parts in the special topographic re 
lationship to other parts; e.g. cor 
respondence in the subterminal 
position of the mouth opening it 
selachians ; correspondence in the 
precaudal position of the anus 1 
vertebrates ; correspondence in the 
position to each other of the middle 

ear ossicles in the cavum tyvmpan1 

of mammals. 


Thy CATCOOrN of Tile il 4 wmical dit 


ae 


rerentiation. 
Correspondence in the histological 


differentiation of homologous parts 


it is of importance in the skeleton 
depending on whether homologous 
parts ossify secondarily, remai 
cartilaginous or occur as mem 


brane bones). e.g. the vertebral 


columns of different mammals but 


not those of mammals and Chor 


nN 
, 

( rrespondence in the cytological 
tterentiatior homologous 
rte r differentiation of the 
a e.g ! t1 

7) 7 +) ly res 117) ne ditterey 

heimanopno among I l 

os — : 
umphibians; certa cells 
, ; 
o1rgous regions le cortex ( 
the bran 
= / ; ats , , ; ly c ech sian 


} ‘ 
It les in the correspondence ot 


homologous parts with regard t 
heir particular shapes; e.g. hy 
selodonty ot incisors 1n mammals 
iso the particular relief of ( 
‘ | 
molars, according to which they 
77 | : | | 7 | 4 
re called Dunodont, setenodont 


secondor A lophodont ea..; kidneys 


1 +] ~ | 
Correspondence 1n le numerica 


; ncen te ] 
ccurrence of ertall homologous 


s: e.g. 7 cervical vertebrae in 


int 
— 


COMPARATIVE ANATOMY 
mammals : premaxillary 
in cr‘ codiles, 
egory of the bromorpholoai- 
l relationships. 
Cy rrespondence homologous 
parts with regard 


riv Cc rrespt mndences Ol 


ous parts which, at the same time 


lateral symmetry. 


( homonomous 


neir Tunctions, @€.¢g 


be homologous, 


< lifferentiati 
Homology 


fundamental! 


morphotype 
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the squamosal and dental bones in mam- 
mals on the other correspond with regard 
to their position at the 


ae | ] + 
angle, but the 


apex of the jaw 
two sets of bones are not 
tool. a 


concept such as that of homology needs to 


: ° 
iC. ( vlc L1C 


homologous. \s a meth 


7 S | 
ve sharpened 1n accordance with the prog- 
ress made in tts field. but not. as has al- 


most universally been done, bv tts transfer 
coca ule 
1eoretical discussion It must 


4K 
further evolved the concept within the 
realm of its applicability, and Kalin, in 
particular, has furnished a clear and 


ee . a -. , 7 23 
modern definition which 1n itself well dem- 
: , , ‘ 
onstrates the advances made in morphol- 
ogy since the davs of Owet 
ey ie ae PU OA “Ty asia 
m< mwwoon + ; nny cr % 
Kali Cie PLILIO! | 4: rl 1OoYvy 
> 7 -+ 4 Pee , ? 5 | , a 
e@X1S S | iTcTIS © ( eT eé TS 1 —T Ss COT 
, , , , 
espond to each other within the commot 


systematic categor\ 


Here, then. 1s al definitio1 that does 


1 7 7 q 1 
1WSTIC > é no St 1 nature ( ? ? ¢ orgal 
y TY : | ‘ 4 7 ] 
sm sre o7% s structur correspond 
’ ’ 
ce with re rq to the organist! LS 
~ ~ 
’ . ' ' 

whi ¢ not wst this ir that oth er part of 

- =. i. ) respol (i€ ('¢ WiIti i ¢ { ¢ Ce if 


eer aE a aS a es | 
eC. mon structural plan and me iit 


= : ° 
type of the compared anisms 


ro 
, 


In this formulation and with its preset 


mology concept has 


uniformly applicable to all the diverse ma- 
terial that has been subjected to morpho- 
logical study But a few additional ex 


rd 


planations seem in order 


1. It 1s a fairly common experience to 


i as 
find cases in which structural elements are 
lifferentiated that are not realized in the 


morphotype to which the form in ques- 
tion belongs For instance, in several 
eenera of trionvchid turtles Lissemys 
Cyclanorhis, Cycloderma), there 1s a bony 
plate in front of the bony carapace (pre 


which 1s not 


tom any 


presel 


$Kalin (1945, p. 13 “Homologie 


larin, dass Formteile verschiedener Organismen 


he St ht 
im gemeinsamen Typus-Bauplan einer bestimm 


sich. entsprechen.’ 


ten systematischen Kategorie 
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other recent trionychid, and which 1s not 


part of the morphotype of the ' 
Trionychidae. This and similar examples 
that structures are 


either fully expressed in the morphotype 


show hi mmologous 


or the group to which the compared forms 


helong, or they may be represented in the 
lifferentiated 


morphotype only by an un 
Kalin proposes to call homok 


structurally represented 


region. 


cues that are in 


the morphotype typophacnous homologues, 


those 


represented in the morphotype 


merely by an undifferentiated region at 
hophacnous homologues 


Cryo 
-~ 


> . . ; +: 
? ( ccasi nally. the ADMIN Is voiced 11 
: , . - 
+] e lite rature +] at there ire 1 rious «ae 
1 1 1 1 ) 
*TEES | homolog lakobs or 1924 
; ; toate ] ] + ] 
WIS nce ( ISTINLUISI! es 1¢ eS ceores 
> ryIT + 1, , cr’ aol ] ] 1] 
COT) CTE oOmMmot é C= . 


- > f£.. 1 7 1 
()rthomologie”’ from lower degrees called 
Katl oOmologt Ka in I pointed 
++* +7 ] + ] , . t | 
u correctiv tha Suc ( Vas 

| ] a. ‘ +1 — 
Ase O1 Tne errone 11S ssumptiot1 tha 
1 | 1 ° f = 
mo ‘eta’ iS l asi CaALteL T ( plat 
comformity could itself have different de 
, > "417 7 Se tit - } 
grees. Gegenbaur (1870) distinguished 
: =. ‘6 . 1 ”» < os 
in his “special homology’ a “complete 

1  — 14”? ia. + ba 

C I Incompiet ] omolog,y 
y 1 ‘ ** . 
Nae 1926) contends that such a distinc 


mmplete homology does not exist. Kalin 


1941), grantin; 


~ ~ 
ntiall “orrect : -thel] 11ocodject 
sential correct, nevertheiess suggests 


retain Gegenbaur’s terminology, 


that we 


arguing that the attributes “complete” and 
“‘acomplete” need not be taken literalh 
as qualifying the status of homology, but 
merely express, quantitatively, the extent 


to which structures conform 


organisms. An example will illustrate the 


; , ' a 
situation in question. The morphotype « 
« | 5 | | 7 | 

the plastron Ot ti ee 1) OMecaisi1c urt eS 
. . - + , | 7 
contains a pair of mesoplastt piates t 
csenarate the hvonlastra , e hvno 
plastra They extend fro ( ngitud1 
vy , ? ri 1) 4 re , 

nal midline o str e margina 
bones. One of the living representative 

Naef suggested the tern tvpica ind 


‘atvpical.” Kalin modified this terminology on 
the ground that 
hye re lated TO the morphotvpe 


L }/i 


“atypical” hon gues also cat 


COMPARATIVE 


f the family, Pelusios, has a plastron es- 


sentially identical in regard to the meso 
lastron as the morphotype of the family 
In the other recent represe! tatives of the 


family Pelomedusidae (Podocnemis, Pel 


AliSO 


mesoplastra are present, 


7 | 
ire relatively small, more or less 
wedged petween 

] | 7 


hypoplastra and the marginal 


= 


= 14 ia 
lates, laterally 


Is al 


yj) 


‘ , 
incomplete or partial 


odocnenus mesoplastron 


lusios, because, with reter 


morphotype, 


hon ologous 
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(1935. 


1941). This 


with minor modifications (fig. 8). 


here reproduced 


3. It is a well-known observation that 
structural plan 


sometimes undergo profound changes dur- 


qe 


individual 


‘ 
} 


units of the 


] + , ‘ 
hese changes otten in 


1; 


splacement of 

| the body to another 

le from Hubbs (1944 
membrane bones (in 

e exoskeleton 

me covered 


access yr") 
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Rot homologous 





( —. \ portrally 
| homologous 
} 

homologous 


| 





MORPHOTYPE 


Each circle (U) indicates the 


mutuality of the structural plan and morphotype in the compared organisms (Form A and 


Form B). 


The compared parts (P) are represented in black or in shading. 
they are homologous with regard to the morphotype, they are represented in black. 


Insofar as 
(From 


Kalin, 1935 and 1941, redrawn with minor modification. ) 


genetic examples of this general sort need 
careful analysis with the sharpest of meth- 
odological procedure, if utter confusion is 
to be avoided (see Kalin, 1945, 
ing Peter, 1922 and 1938). It is in prob- 
lems of an ontogenetic nature that the 
four dimensional concept of the morpho- 
type merits particular distinction. It has 
served to a great extent to clarify von 
Baer’s principle,' as well as to remove the 


concern- 


controversy surrounding it, centering on 
“caenogenesis” 
It led, furthermore, to the formulation of 
Kalin’s principle of formative irreversi- 
bility in ontogeny, which states that onto- 
genetic form-differentiation is insofar ir- 
reversible as the material (of structurally 


(see also Kryzanowsky). 


lower morphotype value, thus of greater 
complexity) that has developed from a 
material unit of higher morphotype value 

11 Von Baer’s principle of individual develop- 
ment states that those features of a larger 
group of animals that are mutually present 
among them develop earlier in the embryo than 
the particular characters of the individuals. 
This sentence is the expression of the fact that 


ontogenetic development proceeds, cum grano 
salis, from the general to the special, i.e. from 
higher (more inclusive) to lower (less in 


clusive) morphotype characters (Kalin, 1945). 


(thus of lesser complexity ) cannot return 
in its entirety to the condition of a higher 
morphotype by reversal of the formative 
processes. This statement is of basic im- 
portance to the use of the homology con- 
cept in ontogenetic problems. It is the 
basis for the conclusion (statement of the 
ontogenetic precedence of homology by 
Kalin, 1936 and 1945: see Naef, 
1919) that parts “that have been recog- 
nized as homologous at a given stage of de- 
a particular 


also 


velopment, with regard to 
morphotype, remain, with regard to the 
latter, homologous throughout all subse- 
quent transformations.” 

4. The homok ey of multiple structures, 
such as vertebrae, myomeres, teeth, hairs, 
problems that 
induced rather heated controversies in the 
literature. 
terindividual plan-similarity accounts fot 
some of the difficulties (see p. 364) ; but 
there still remains the question as to what 
parts of multiple structures are to be con 


scales, etc., has presented 


The confusion of intra- and 1n- 


sidered homologous, e.g. in two closely re 
lated organisms 1n which these structures 
different 

different birds 
The problem is further com 


appear in numbers (cervical 


vertebrae in scales in 


fishes, etc. ). 


, 
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plicated by the fact that in some organisms 
individual elements or groups of multiple 
structures differ- 
entiated, or (certain 
dorsal scales in teleost fishes, scales re- 
lated to the lateral 
cervical vertebrae in mammals, etc. ). 

Here, as elsewhere, only a homology 


become particularly 


stable numerically 


organs of the line ; 


‘oncept that 1s closely related to that of 
the morphotype can produce clarity. A 
few examples will illustrate this point. 
lhe body of a teleostean fish is covered 
by large numbers of unmodified scales, 
whose number varies greatly from genus 
to genus and even from one species to the 
next. Consequently, the number of un- 
modified scales in the morphotype of the 
teleost fishes is not stable, from which 
tollows that every unmodified scale 


unmodified 


in one 
torm 1s homologous to all the 
scales in all other teleost fishes; this ap- 
plies in all those cases where undifferenti- 
ated multiple structures occur in different 
numbers among the compared forms and 
in whose mutual morphotype this number 
is unstable. 
Very often, 


structures or groups of 


however, some multiple 


them are differ 
entiated in a particular way. So, e.g., 1 
dividual scales in some groups of teleost 


tishes are enlarged and assume a particular 


shape (preanal, caducous scales in some 
perches, Perc In such the dif 


ina). Cases, 


lerentiation is a part of the morphotype ot 


the group, in the example mentioned the 


genus Percina, and therefore the question 


of homology presents no problem, at least 


none with regard to the whole series of 


these scales. If. in Percina. the number 


if scales in this series differs from species 


to species, then each of these modified 


scales in one species is homologous to all 


scales of the row in the next species; 1f, 


however, the number should be the same in 
all representatives of the genus, then the 
be part of the mot 


venus Percina and 


number would also 


photype ot the con- 
sequently each scale in one species would 


t} 


he the homologue of the numerically cor 


responding scale in the other species 
structures 


Ditferentiation of multiple 
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within the morphotype of a group has been 
called homologic specialization. The mod- 
ification of the vertebral column into re- 
gions (cervical, thoracic, lumbar, sacral, 
caudal) represents an illustrative case of 
Within the mor- 
photype Tetrapoda, for instance, the neck 


homologic specialization. 


region of the vertebral column is homol 


ogous throughout the members of the 
group, regardless of the number of verte 
brae that it may include (2 in the frog, 76 
in Alasmosaurus ) ; in the mammals ( other 
than tree sloths), another homologic spe- 
cialization stabilizes the number of cervical 
Within the morphotype 
Mammalia, therefore, each cervical verte- 


vertebrae to 7. 


bra in one mammal is homologous only 
with the numerically equivalent element 11 
other mammals. 
The value and applicability of the ho- 


mology concept as h 


ere defined can hardly 
be overestimated, in view of the tact that. 
Hubb’s 


into non-existance by 


for instance, ‘“ineradicable com 


plexities’ vanish 
simple 
by that author 

Little need be said about the concept of 


analogy 


test of the various examples cited 


li two or more parts of organ 
isms, within their common structural plan 


and morphotype, correspond with each 
other in regard to their function on/y, they 
are analogues (e.g. gills and lungs within 


he morphotype Vertebrata, etc 


, , , 
reAly ” y , 
} Motodgical SseTrt 


Morphological series are among the 


most efhcient techniques to demonstrate 
anatomical relations of all kinds, but, at the 


time they are a source of 


same constant 
misunderstanding, if their erkenntnis 
theoretic quality is not clearly under 


It was pointed out above (p. 353) 


STO ] 
that the materials subject to morphologica 


study are of a very different nature; this 


recognition must be kept in mind con 
morphological series are t 


1 
antl 1e 
stat Li\ Wi C1) 


he properly evaluated It was further 


noted above (p. 364) that parts of an or 


ganism can be properly understood only 


their relation to the organism as a 


| 


whole: in other words. the basic nature ot 
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Since almost all 
of the morphological series are concerned 


mor] hole ey is holistic. 


with only parts of the organisms com- 
pared, this consideration is of the utmost 
importance in the interpretation of all such 
series. 

Morphological series are essentially se- 
ries of homologues and as such they must 
always be considered with regard to the 
common morphotype and structural plan 
of the organisms compared; the scope of 
the morphotype (its greater or lesser in- 
clusiveness) determines, in direct propor- 
tion, the interpretative value of the series; 
the higher (less inclusive) the common 
morphotype of the representatives of the 
series, the less its overall significance, and 
vice versa. 

If a morphological series includes adult 
as well as embryonic form-stages, the four- 
nature of the morphotype 
must be carefully considered, which adds 


dimensional 


to the difficulty of a proper morphological 
interpretation of the series. If form-stages 
of fossils are added to the series, its mor- 
phological evaluation requires the very 
greatest of care. 

It will be noted that I have consistently 
spoken of “morphological interpretation.” 
This is because all too often premature 
attempts at phylogenetic evaluation or 
morphologically uninterpreted conditions 
are made. The morphological (factual ) 
interpretation, which must always pre- 
cede the phylogenetic evaluation in cor- 
rect methodology, is left out. Needless to 
say, such procedure harbors many dangers 
and should be avoided in the interest of 
sound argument; but 
from this, it robs morphology of its own 


theoretical aside 
results, which, as will be shown under the 
heading “empiric principles,” are impor- 
tant factors in the further investigation of 
the “form problem.” 


Empiric principles 

The study of the organismic form prob- 
very great number of 
"2 in the form differ 


reveals a 
gesetsmassigkeiten 


lem 


‘2 The German word is here introduced for 
lack of an English equivalent. It means essen 
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entiation. Of the vast multiplicity of 
ideally conceivable form expression, only 
a relatively small segment is actually real- 
ized. It is the ultimate task of morphology 
as an empirical science to uncover these 
gesetsmassigkeiten within the actually re- 
alized segment of form expression and 
this is usually done in the form of empiric 
principles. The erkenntnistheoretic value 
of empiric principles in morphology is as 
varied as that of morphological series, some 
have wide applicability, others do not. 
Among the former, von Baer’s principle 


and 


of ontogenetic development Kalin’s 
principle of irreversibility in ontogeny as 
well as Dollo’s principle of irreversibility 
in evolution may be mentioned. Among 
the latter, a great many examples could be 
cited, but 

formally For instance, aquatic 
] 


adaptation in turtles 1s expressed 


most of them have not been 
stated. 
in very 
definite patterns that seem to recur in un 
related groups. An empiric principle with 
a somewhat wider scope is Williston’s law 
as formulated by Gregory (1935), which 
says that the number of skull bones de- 
creases from the lower to the higher verte 
brates. 

It may be pointed out that many of the 
empiric principles have suffered undue 
criticism at the hands of biologists who 
failed to understand nature. 
The controversy regarding Dollo’s prin 


their true 
ciple of irreversibility of evolution may 
serve as a pertinent example. Basically, 
any such principle is factual and thus it 
cannot be invalidated as such; its range of 
applicability may, however, prove to be 
much more restricted than first assumed, 
so that its over-all importance may suffer. 
furthermore, these principles are based on 
morphological evidence and their signifi 
to 1 


he realm of 
morphology. “tested” 
by the results of other hiological disci 


cance is thus restricted 
They cannot be 


plines. 

As already intimated 
principles may provide important insight 
into the form problem, particularly its 


above, empiric 


tially conformity to various kinds of basic pat 
terns in nature. 





istoric, paleontological aspects. \n oe 


imple may serve to make this clear. 


Rutimever (1867 and 1873), in his classi- 
al monograph on the late Jurassic turtles 
f Solothurn, classified these forms among 
(Cryp- 

This 


was done with entirely proper morpholog- 


the recent families Emydidae 


todira) and Chelydae ( Pleurodira). 


ical methods, but at a time when sufhcient 


gesctzmassigkeiten of the 


sight into the 
rganization of the turtle body was not yet 


tee 


ivailable. Consequently, Rutimeyer clas 


sied the Solothurn forms according to 
he available criterion, namely, the great 
est degree of over-all structural similarity 


loday, empiric principles concerning tut 


’ ’ ’ 


1 — 1 — . } ] h - ner 
i MOrpnology are at Nand and they pel 


: | s | : | 
mit the demonstration that greatest sim 
] not n ‘? 1 ] > : 
arity 1s otten an unrelable criterion for 


letermining morphological 


particularly in geologic-historical material. 


lt is here that empiric principles are of 

the greatest importance, since they may 
“gle “ie a 

point out morphological relationships 


among rather dissimilar forms, whose 


structural organization, however, indicates 


certain trends of differentiation established 


elsewhere. In groups where empiric prin 
ciples are still wanting, adequate estab 
lishment of morphological relationships is 


very difhcult and largely unsatisfactory 


lhus, Welles’ discussion of the relation 


®. } 
ships ot the plesiosaurs to other groups o 


I . . . . ~ 
reptiles (1943) can onlv be regarded as 
provisional largely due to lack of sucl 


7 
knowledge 


HE MEANING AND Limits OF MorpPHO 


LOGICAL RESULTS 


Before sketching the role that morphol 
ogy plays in the general discussion of 
evolution, it may be of some value to con 
sider briefly the nature of morphological 
methods out 
y, like all 
sciences, has its own domain of theoretical 
In this case, we 


results as obtained by the 
lined above. Morphology, other 
evaluation of its results. 
speak of morphological theories, in con 
trast, for instance, to phylogenetic (evolu 


tionary) theories. This distinction must 
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, 


because the two kinds of the- 
rest upon the same erkennt- 


‘ " +7 
be upheid, 
ories do not 
plane, and are 


nistheoretic not, there 
I 


tore, identical. ‘The morphological theory 


explains how one structural complex cat 
e derived, «eally, from another, but 1t 
7 | | 7 

qoes not Claim that one represents tne 


ancestral condition to the other in the sense 
\ good example 1n 


point is Reichert’s theory demonstrating 


+ 1,1] 
the origin ot the mammalian middle eat 
ssicies in eleme Ss oft part of the mast! 
catory apparatus of primitive vertebrates 


does not say that the mam 


malian stapes has actually developed from 

reptilian stapes and the latter from an 
elasmobranch hyomandibular cartilage. It 
merely states that within the morphotype 


Vertebrate, the cited exhibit a 
rticular morphological relationship and 


’ , ; ° | S| 
that the three conditions can be ideally de 


elements 


rived from one another 1n the well-known 


Thus, here, as in its methods, 


rphology remains free from phylogene- 
Che value and significance 
of morphological theories depend on the 


which the 


Cscs. 


nature of the materials upon 


theory is based and on the quality of the 
his becomes partic 
morphological the- 


~~ 


ularly clear when the 


ries are considered which attempt to ex 
lain the origin of the Craniota, and, 1 
( Ss those conce rned with the deri 
wl the recent horses 


HE CONTRIBUTION OF MORPHOLOGY TO 


SSION OF EVOLUTION 

\s pointed out in the introduction, 
Naef and Kalin have been accused of “ad 
pre-evolutionary 


vocating a return to 


This is a misrepresentation ot 


i 


fact. Their work, as well as the present 


thinkine 
Cilll AN1Lit’ 


article, merely attempts to separate phylo- 
genetic thinking from morphological think- 
ing, and to put both on a sounder basis 

It is a known fact that 
logical results of all kinds can be translated 


into pl 


well morpho- 


ivlogenetic, 1.e. evolutionary terms. 
Such procedure is lovically sound and de- 


provided the nature of phvlogenet- 
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ically interpreted, morphological conclu- 
sions 1s clearly understood by everybody 
concerned. It must, first of 
membered that a morphological 
interpretation may be sound, while its phy- 
logenetic translation may not be ; this is per- 
fectly obvious in cases such as those men- 
tioned by Hubbs (1944) cited above (p. 
354). For this reason, it can hardly be 
overemphasized that the morphological in- 
terpretation (with careful consideration of 
its meaning and limits.) must always pre- 
cede a phylogenetic conclusion, so that the 
speculative elements, hereby introduced, 


all, be re- 
given 


can easily be recognized. 

It has recently become the practice ot 
some biologists working on morphological 
problems not only to interpret their find- 
ings in the light of present day evolution- 
ary theory, but to use concepts of other 
nological disciplines (primarily of ge- 
netics) in their methodological approach. 
This practice produces results that readily 
agree with theoretical thinking, 
which is to be expected a priori, since the 


recent 


theoretical concepts themselves are used 


as the method for achieving the results. 


It seems that many scientists, in the en- 
thusiasm over new achievements, are prone 
to fall victim to fallacies of this sort. This 
new variety of scientific self-deception is 
essentially not different from that engaged 
in during the latter half of the last cen- 
tury, when the “biogenetic law” was re- 
garded as the key to many, if not all, 
phylogenetic questions, and was used in- 
discriminately as a working method (as 
distinguished from a working hypothesis). 

There is yet another reason why con- 
cepts of other biological disciplines can- 
not be used in the study of morphological 
problems. This has been pointed out by 
several authors in the past and requires 
None of the 
concepts developed in the field of genetics 
to this date is of a holistic nature. These 
concepts are based on usually minor as- 
pects of the structural organization of the 
“characters” or, and 


emphatic restatement here. 


organism, so-called 
this is a step forward, on field control by 


individual genes or gene groups. But an 
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organism neither consists of independent 


individual characters nor of groups of 


such; its very nature lies 
It was demonstrated in this article that 


in its entirety 


this recognition permeates all of the mor 
phological concepts, whereas in genetics, 
comparable concepts do not exist and, in 
deed, may not be necessary or desirable 
In the interest of sound further develop 
ment of our understanding of the over-all 
problem of evolution, it 1s necessary to 
keep in mind that it is a working hypothe 
sis to assume that genetic concepts of the 
nature available at present can be applied 
without reservation to complicated struc 
tural mechanisms, and even entire or 
vanisms. 

It is in this basic realm where morphol 


ogy must and can make an important con 


tribution to the future development of ulti 


mate theoretical thinking in hiolog\ 


oh eck 
d fi VILOTR'LE dam nt 


I wish to express my sincere thanks 
to many of my colleagues, Dr. C. Hubbs, 
Dr. G. G. Simpson, Dr. F. Haas, Mr. D 
D. Davis, Mr. Bryan Patterson, Mr. R. 
Inger, Dr. Tilly Edinger, and others who 
kindly read the manuscript 


ad turthermore 
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Prof. | 


J. Kalin many of the problems 1n- 
volved in methodological 


procedures in 


morphology. 
SUM MAR\ 


Lhe 


ment of comparative morphological meth 


present essay contains a restate- 
odology, with particular emphasis on the 
content and meaning of its concepts. It 
further indicates the particular contribu- 
tion that morphology can make to the over- 
all discussion of problems related to evo 


lution. 


1. Morphology, like experimental sci 

ences, has its own method. In exper- 
imental fields, it is the experiment; 
in morphology, it is observation and 
The derived 


comparison concepts 
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phological method 
2. The concepts of tl 
method are tactual. since they ex 


press 


I 
reality les beyond the act 
the 


3. The 


human mind. 


most important concepts of the 


morphological method are the struc- 


tural plan, the morphotvpe 
ogy, the morphological 
empiric principles 


+. The concepts of the morphotype and 
| 


+} - ~ oe "1 —_ ] " 2° 
the structural plan are closely re 
pa i 
lated. The morphotvpe is the ideally 


« | 
iorm, the ne 


constructed 
a group ot organisms ot 
similar structural design. from which 


he actual forms of that group can be 


laall ] _ ] ry ++ ~+ “al nm! 
ideally derived. The structura 
expresses the conformity in the top 
| 
or 
graphic relationships ot the parts t 
+] hol tee wand 


5 The 7 ee ee 
¢ COTICE ) OMOLoOLg\ Ss OLIST1¢ 

~ 7 | 
n nature and directlv related to those 


, 7 
of the morphotvpe-structural pla 
Paes 2. 2.2 2 atod “py _ 
Kalin's de on states: “Homology 
exists, 1f parts of different organisms 
. 7 ~] ; ania +1, 
correspond to each other withit o 


' 
common structural plan-morphotype 


ra given 


ncenpts ra’ 
method are holistic in nature, 1.e. they 
are related to the 


Mi rpholog, by the very 


organism as a 


nature of this ipproar can henefit 

the future development theoreti 

thinking in hiology 
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376 NOTES AND COMMENTS 


row in California), etc. The cold-blooded verte- 
brates are even more obviously adapted for 
their local environment, as indicated by the 
work of Moore on frogs and Heuts and others 
on fishes. 

It is evident from these studies that there is 
no fundamental difference between plants and 
animals in the evolution of populations and 
races that have become adapted to local environ 
ments. The difference is one of degree, with 
insects and plants having much more localized 
races than birds or mammals. That some of 
the insect races are as localized as the plant 
races is indicated by the work of Dobzhansky 
on Drosophila pseudoobscura. None of the in- 
sect material, however, can compare with some 
plant species in the abundance of conspicuous 
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morphological characters in addition to the 
physiological ones. 

The remarkable study of Clausen, Keck, and 
Hiesey on climatic races in Achillea could well 
serve as a model tor similar investigations on 
other organisms. For, although we believe in 
the widespread occurrence of genetically dit 
ferent races adapted to local environments, 
there are actually only few concrete studies 
ivailable. And, as far as geographically vari- 
able morphological characters are concerned 
(including the subspecific characters of the 
taxonomist), our ignorance concerning their 
genetic basis, adaptive significance, and selective 
value is almost complete. There is a world to 
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